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ABSTRACT
Evolutions in integrated circuit technology require the use of a high-frequency
synchronous buck converter in order to achieve low cost, low profile, fast transient
response and high power density. However, high frequency operation leads to increased
power MOSFET switching losses. Optimization of the MOSFETs plays an important
role in improving converter performance. This dissertation focuses on revealing the
power loss mechanism of power MOSFETs and the relationship between power
MOSFET structure and its power loss.
The analytical device model, combined with circuit modeling, cannot reveal the
relationship between device structure and its power loss due to the highly non-linear
characteristics of power MOSFETs.

A physically-based mixed device/circuit modeling

approach is used to investigate the power losses of the MOSFETs under different
operating conditions. The physically based device model, combined with SPICE-like
circuit simulation, provides an expeditious and inexpensive way of evaluating and
optimizing circuit and device concepts.

Unlike analytical or other SPICE models of

power MOSFETs, the numerical device model, relying little on approximations or
simplifications, faithfully represents the behavior of realistic power MOSFETs.
The impact of power MOSFET parameters on efficiency of synchronous buck converters,
such as gate charge, on resistance, reverse recovery, is studied in detail in this thesis.
The results provide a good indication on how to optimize power MOSFETs used in
VRMs.
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The synchronous rectifier plays an important role in determining the performance of the
synchronous buck converter.

The reverse recovery of its body diode and the Cdv/dt

induced false trigger-on are two major mechanisms that impact SyncFET’s performance.
This thesis gives a detailed analysis of the SyncFET operation mechanism and provides
several techniques to reduce its body-diode influence and suppress its false Cdv/dt
trigger-n.
This thesis also investigates the influence of several circuit level parameters on the
efficiency of the synchronous buck converter, such as input voltage, circuit parasitic
inductance, and gate resistance to provide further optimization of synchronous buck
converter design.
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CHAPTER 1

INTRODUCTION

1.1 Impact of IC technology on the power processing industry
Moore’s law, which states “transistor density doubles every eighteen months”, has
successfully predicted the evolution of Integrated Circuits (IC). It is predicted that in
2015, there will be tens of billions of transistors in a single microprocessor as shown in
Fig. 1.1 [1].

Squeezing more transistors into smaller spaces results in not only higher

performance but also increased power consumption.

Figure 1.1 Moore’s law in action from Intel
New power management techniques for ICs have been introduced as IC technology itself
has advanced.

One solution is to decrease the power supply voltage such that total

power loss is reduced.

On the other hand, the increasing transistor count in ICs

demands a similar increase in current [3]. Fig 1.2 shows a clear picture of the trend
toward lower operating voltages. This puts a new requirement on power devices and
converter topologies to handle increased current requirements at ever lower voltage.
1

Figure 1.2 Digital CMOS Technology Migration
Secondly, the ever-increasing switching speed of transistors results in faster load
transients. This requires an ever-increasing power switching frequency, which in turn
introduces significant switching power loss.

Such power loss affects the cost,

reliability, and standby time for handhelds, and has become more and more of a concern
recently.
At the same time, modern densely integrated ICs require highly accurate supply voltage
regulation which cannot presently be achieved by a centralized power system.

Point-of-

Load (POL) voltage regulator modules (VRMs) enable electronic developers to overcome
this challenge by placing individual, non-isolated, dc sources near their point of use.
This minimizes loss caused by voltage drops, helps overcome noise sensitivity and EMI
emission issues, and ensures tight regulation under dynamic load conditions [missing
reference]. Generally, a VRM is required to have a high power density and to operate
with a high efficiency. To meet these requirements and to provide a fast transient
response, the VRM will be operated at a high switching frequency, which introduces a
serious design challenge.

For the present VRMs with load current in the 15A to 20A
2
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Figure 1.3 Schematic of a typical synchronous buck converter
range, the synchronous buck converter, shown in Fig. 1.3, represents a good
performance/cost trade off [2].

There are several advanced control strategies to improve

the performance of synchronous buck converters, such as interleaving VRM control and
adaptive control loop gain.

From the power stage design point of view, there are two

major considerations. One is the trade off between efficiency and transient response,
and the other is driving loss optimization [2]. Power MOSFETs play an important role
in both efficiency and driving losses.

1.2 Impact of power MOSFETs on the efficiency of synchronous buck converters
From the circuit design view, output filter inductance L, shown in Fig 1.3, must be
minimized in order to achieve fast transient response with minimal output capacitance.
However, a low inductance value increases the inductor current ripple, which degrades
the efficiency of the VRM dramatically [3-6]. The increased inductor-current ripple not
only increases the conduction losses due to the increased RMS currents, but more
importantly the resulting increased peak current value dramatically increases the CtrlFET
3

turn-off switching loss. This switching loss is related directly to the switching speed of
power MOSFETs.

In other word, this switching loss is related to the gate charge

parameter of power MOSFETs.

From this point of view, device engineers need to

provide circuit designer with a power MOSFET with smaller gate charge.
The above analysis shows that faster switching speed provides better CtrlFET turn-off
power loss performance.

But fast switching transitions introduce a large di/dt or dv/dt,

which dramatically increases the reverse recovery loss of the SyncFET body diode [710].

Power MOSFETs need to be designed with a better trade off between fast

switching and reverse recovery characteristic.
As frequency goes higher, switching power losses dominate the total device power loss.
Active component power loss accounts for more than 80% of total power loss at a
switching speed of 1 MHz [11].

Optimization of active devices toward higher switching

frequencies could substantially improve the efficiency of synchronous buck converters.
Conduction losses account for almost 70% of total power loss at the 140 kHz frequency
[12]. The goal is to design MOSFETs to provide a better trade off between conduction
and switching losses [13].

For the same power MOSFET structure, there is also a

method of selecting the CtrlFET and SyncFET die sizing to optimize the conduction loss
and switching loss [14].
Gate driving loss, being proportional to the switching frequency, will be a strong obstacle
for the high frequency VRM. Not only does it introduce tremendous power loss, but it
also requires a gate driver capable of providing large current to drive power MOSFETs
[15-17].

As gate driving loss is proportional to the gate charge of power MOSFETs,
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there may be a way for device engineers to optimize current power MOSFET technology
for better gate driving performance [18-20].
The motivation of this thesis is to determine methods of improving converter efficiency
through device design and to quantify the change of efficiency resulting from those
improvements.

1.3 Objectives
The objective of this thesis is to better understand the power loss mechanisms of power
semiconductor switches in synchronous DC-DC converters with a focus on device
physics and device/circuit interaction, and to find ways to reduce active device power
loss and increase converter efficiency. This study will mainly focus on determining
what device parameters have the most impact on efficiency and how to improve those
parameters. Device/circuit interaction will be investigated to formulate suitable design
guidelines for circuit designers to select power devices and circuit components for better
efficiency.

1.4 Prior art work
In the VRM field, the synchronous buck converter attracts much attention today, and
people are focusing on understanding the power loss mechanism and improving the
efficiency of their circuits.

The previous work on power MOSFET performance

analysis used simple analytical device models based on datasheet RDS(ON), QG, and other
device parameters, and a set of simple analytical equations for power loss calculation
[missing reference]. While these approaches provide a quick first-order estimation of
converter efficiency, their accuracy is inevitably limited by approximations and
5

simplifications made in the analytical models.

In addition, these methods provide no

indication toward power MOSFET design, because they do not provide detailed insight
into the inner physical workings of power MOSFETs.
Recently Cavallaro et al. used a circuit simulator to estimate buck converter power losses
using MOSFET behavior models which were derived from two-dimensional numerical
device and process simulation [missing reference].

It should be pointed out that the

accuracy of converter power loss estimations can be further improved by using a mixedmode device/circuit simulation approach with numerical MOSFET models being directly
incorporated into circuit simulation.

Furthermore, detailed information on various

power loss contributions of the CtrlFETs and SyncFETs over a wide range of operating
conditions can be easily obtained from the mixed-mode simulation.
Another research work was done by Yuming Bai from Virginia Polytechnic Institute and
State University. It focused mainly on typical trench MOSFET structure optimization
including gate oxide thickness, mesa width, etc.

No detailed analysis of device

parameter impact on the efficiency of synchronous buck converters was given in this
work.

1.5 Methodology
Direct measurement is the normal way to determine power efficiency of a converter.
Such an experimental approach proves very difficult to employ for characterization of
individual power loss terms of the power MOSFETs in the converter.

The actual

current waveforms, and to a lesser extent the voltage waveforms, of the power MOSFETs
in a high current, high slew rate converter are most likely disturbed by measurement
6

equipment such as current probe loops, resulting in potentially large distortions and
measurement errors. Modeling analysis provides an alternative way of investigating
power MOSFET performance in power converters.
In this paper, we use a physically-based mixed device/circuit modeling approach to
investigate the power losses of the MOSFETs under different operating conditions.
“Virtual” power MOSFETs were first built using a two-dimensional/three-dimensional
numerical device simulation TCAD tool ─ DESSISTM from Synopsis, and then placed
into a 12V-to-1V/20A buck converter circuit for mixed-mode device/circuit simulation.
DESSISTM numerically solves Possion’s equation, and the continuity equations of
electron and hole currents self-consistently, using a variety of physical models. It can
be used to predict the electrical characteristics of arbitrary two- or three-dimensional
semiconductor structures under user-specified operating conditions.

It also offers

SPICE-like circuit simulation capability combined with device numerical modeling
capability, and provides a quick and inexpensive way of evaluating and optimizing circuit
and device concepts. Unlike analytical or other SPICE models of power MOSFETs, the
numerical device model, relying little on approximations or simplifications, faithfully
represents the behavior of a realistic power MOSFET, and therefore proves to be a very
powerful tool for our investigation of MOSFET power loss.

1.6 Thesis outline
This dissertation is devoted to the physical insight of the power MOSFET for use in highfrequency DC-DC converters.

There are seven chapters including an introduction.
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Chapter 2 describes background information about the power MOSFETs and DC-DC
buck converters.
Chapter 3 investigates the power loss mechanisms associated with power MOSFETs
using a physical view.

The validity of the widely accepted output capacitance power

loss term is disputed based on physical investigation and experimental verification. A
new switching time estimation method is proposed to compensate for the highly nonlinear drain voltage transition during power MOSFET switching period.
Chapter 4 investigates the performance of the MOSFETs in the buck converter using a
mixed mode device modeling method.

This methodology is used to separate different

loss terms, such as CtrlFET conduction loss, SyncFET conduction loss, CtrlFET turning
on/off loss, SyncFET body diode loss and gate driving loss for CtrlFET and SyncFET
respectively.

The influence of each device parameter on power loss of power

MOSFETs can be investigated in detail.

This investigation gives further indication of

how to design better power MOSFETs for high frequency DC-DC converters.
In chapter 4, it is shown that the switching speed and body diode performance of the
SyncFET plays an important role in detemining the power efficiency of DC-DC
converters. Chapter 5 focuses on a detailed study of the SyncFET.
After the investigation of power MOSFETs, chapter 6 analyzes the influence of circuit
component parameters on efficiency of DC-DC converters.
Finally, conclusions of this work and suggestions for future work are outlined in Chapter
7.
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CHAPTER 2

FUNDAMENTALS OF POWER MOSFETS AND
BUCK CONVERTERS
2.1

Fundamentals of power MOSFETs

2.1.1 Fundamentals of Power MOSFETs
A metal–oxide–semiconductor field-effect transistor (MOSFET) is based on the
modulation of charge concentration by the MOS capacitance between a body electrode
and a gate electrode located above the body and insulated from all other device regions

Figure 2.1 Cross section of basic MOSFET
by an oxide.

Fig 2.1 shows a basic n-type MOSFET structure.

The MOSFET includes

two additional terminals – source and drain – each connected to individual highly doped
regions that are separated by the body region.

With the gate voltage higher than a

threshold voltage, electrons from the source enter the inversion layer or n-channel at the
interface between the p region and the oxide. This conducting channel extends between

9

the source and the drain, and current is conducted through it when a voltage is applied
between source and drain.

This is the basic principle of MOSFET operation.

In the basic MOSFET structure, the current and breakdown voltage ratings are both
functions of the channel dimensions, i.e., channel length and width, resulting in
inefficient use of the "silicon estate" for power applications. Several structures have
been explored at the beginning of the 1980s, when the first power MOSFET was
introduced.

Among them, Vertical Diffused MOS (VDMOS), also called Double-

Figure 2.2 Cross section of DMOS
diffused MOS (DMOS), became the most widely accepted structure.
DMOS structure.

Fig 2.2 is a typical

With the vertical structure, the voltage rating of the transistor is a

function of the doping and thickness of the N epitaxial layer, while the current rating is a
function of the channel width.

This makes possible for the transistor to sustain both
10

high blocking voltage and high current within a compact piece of silicon. As shown in
Fig 2.2, the current flows vertically compared with the basic MOSFET structure. It is
worth noting that lateral power MOSFETs still exist and may expand their market share
due to specific advantages. The RESURF principle gives lateral power MOSFET a
significant improved RDSON and Breakdown voltage trade off.

In several applications

such as the converter operating at high frequency., they can offer better performance due
to a small gate charge characteristic. They are also widely used in situations where the
vertical structure is not allowed, such as integrated power ICs.

We give a detailed

analysis on VDMOS characteristics to summarize the basic characteristics of power
MOSFETs.

2.1.2

VDMOS characteristics

• Drain to Source On-Resistance (RDSON)
When a power MOSFET is in the on state, it exhibits a resistive behavior between the
source and drain terminals, which is defined as RDSON.
conduction loss of a power MOSFET.

RDSON basically defines the

RDSON is the sum of several elementary

contributions as shown in Fig 2.3:
RS is the source resistance.

It represents resistances between the source terminal of

the package and the channel of the MOSFET. It includes the resistances from wire
bonds, the source metallization, and the N+ source region.
RCH is the channel resistance.

It is directly proportional to the channel width, and

for a given die size, to the channel density. The channel resistance is one of the main

11

contributors to the RDSON of low-voltage MOSFETs, and intensive work has been carried

Figure 2.3 VDMOS cross-section with parasitic resistance and capacitance
out to reduce their cell size in order to increase the channel density.
Ra is the accumulation resistance. It represents the resistance of the epitaxial zone
directly under the gate electrode, where the direction of the current changes from
horizontal (in the channel) to vertical (to the drain contact).
RJFET is the detrimental effect of the cell size reduction mentioned above. The P
implantations form the gates of a parasitic JFET transistor that tend to reduce the width of
the current flow.
Rn is the resistance of the epitaxial layer. As the role of this layer is to sustain the
blocking voltage, Rn is directly related to the voltage rating of the device. A high voltage
MOSFET requires a thick, lightly-doped layer (i.e. highly resistive), whereas a low12

voltage transistor only requires a thin layer with a higher doping level (i.e. less resistive).
As a result, Rn is the main factor responsible for the resistance of high-voltage
MOSFETs.
RD is the equivalent of RS for the drain. It represents the resistance of the package
connections and the transistor substrate (note that the cross section in Fig 1 is not at scale,
the bottom N+ layer is actually the thickest).
• Capacitances
A real power device, which is not like an ideal switch tuning on immediately, always
needs time to fully turn on. This non-ideality results in switching power loss.

Compared

CGD

C DS
CGS
Figure 2.4 Schematic of power MOSFET with parasitic capacitance
with bipolar power devices, the power MOSFET can switch at very high speed due to its
uni-polar nature.

The major limitation on switching speed comes from parasitic

capacitances of power MOSFETs.
power MOSFET.

Fig 2.4 illustrates the parasitic capacitances of a

Where CGS, CGD, CDS are respectively the gate-to-source, gate-to-

drain and drain-to-source capacitances.

The source of the parasitic capacitances is

shown in Fig 2.3.
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CGS is the capacitance due to the overlap of the source and the channel regions by the
polysilicon gate.

From the physics, it is common practice to consider CGS as a constant

capacitance independent of transistor operation voltage.
CGD consists of two parts, the first is the capacitance associated with the overlap of the
polysilicon gate and the silicon underneath in the JFET region, which can be seen as a
planar capacitance.

The second part is the capacitance associated with the depletion

region immediately under the gate. This capacitance is caused by the extension of the
space-charge zone when the MOSFET is in off state.

We name it as CGDj.

CGDj can be

modeled as following:
WGD =

CGDj = AGD

ε si
WGD

2ε siVGD
qN

= AGD

(0.1)

qε si N
2VGD

(0.2)

It can be seen that CGDj is dependent on VGD.
CDS, the capacitance associated with the body-drift diode, is also a junction capacitance.
It is also a non-linear capacitance with dependence on VDS.

Its value can be calculated

by an equation formed similarly to (2.2), except that it varies inversely with the square
root of the drain-source bias.
The non-linearity of these parasitic capacitances adds complexity to the analysis of the
switching performance of power MOSFETs.
In the datasheets, the capacitances are often named Ciss, Coss, and Crss.
capacitance.

Coss refers to output capacitance.

Ciss is input

And Crss is called reverse

capacitance. They are related to the internal capacitances of a power MOSFET as:
14

Ciss = CGS + CGD
Coss = CGD + CDS

(0.3)

Crss = CGD
• Packaging Inductances
To operate, the MOSFET must be connected to an external circuit, most of the time via
wire bonding (although alternative techniques are investigated). These connection exhibit
a parasitic inductance, which is in no way specific to the MOSFET technology, but has
important effects because of its high commutation speed. Parasitic inductances tend to
maintain constant current and generate over voltage during the transistor turn off,
resulting in commutation losses.
A parasitic inductance can be associated with each terminal of the MOSFET. They have
different effects:
The gate inductance has little influence, because the current gradients on the gate are
relatively slow.

In some cases, however, the gate inductance and the input capacitance

of the transistor can constitute an oscillator.

This must be avoided as it results in very

high commutation losses (up to the destruction of the device). In a typical design,
parasitic inductances are kept low enough to prevent this phenomenon.
The drain inductance tends to reduce the drain voltage when the MOSFET turns on, so it
reduces turn on losses.

However, as it creates an over voltage during turn-off, it

increases turn-off losses.
The source parasitic inductance has the same behavior as the drain inductance, plus a
feedback effect that makes commutation last longer, thus increasing commutation losses.
At the beginning of a fast turn-on, due to the source inductance, the voltage at the source
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(on the die) will be able to jump alongside the gate voltage; the internal VGS voltage will
remain low for a longer time, therefore delaying turn-on. At the beginning of a fast
turn-off, as current through the source inductance decreases sharply, the resulting voltage
across it goes negative (with respect to the lead outside the package) raising the internal
VGS voltage, keeping the MOSFET on, and therefore delaying turn-off.

2.1.3 On-State Resistance/ Capacitance Trade Off
For a power MOSFET, on-state resistance is inversely proportional to its active area.
The parasitic capacitances are directly proportional to its active area. For the same
MOSFET cell structure, a big concern for both device designers and circuit designers is
optimization of die size to obtain a better trade off between smaller on-state resistance
and parasitic capacitance.

Figure 2.5 Trade off between breakdown voltage and specific resistance of power
MOSFET design
16

2.1.4 Breakdown Voltage/On-State Resistance Trade Off
When in the OFF-state, the power MOSFET is equivalent to a PiN diode.

When this

highly non-symmetric structure is reverse-biased, the space-charge region extends
principally into the N- layer. The N epi layer has to withstand most of the MOSFET's
drain-to-source voltage. However, when the MOSFET is in the ON-state, this N- layer
has no function.

Furthermore, as it is a lightly-doped region, its intrinsic resistivity is

non-negligible and adds to the MOSFET's ON-state Drain-to-Source Resistance (RDSON).
Two main parameters govern both the breakdown voltage and the RDSON of the transistor:
the doping level and thickness of the N- epitaxial layer. The thicker the layer and the
lower its doping level, the higher the breakdown voltage. On the contrary, the thinner
the layer and the higher the doping level, the lower the RDSON.

Therefore, it can be seen

that there is a trade-off in the design of a MOSFET, between its voltage rating and its
ON-state resistance. This is demonstrated by the plot in Fig 2.5.

2.1.5

Power MOSFET Structures
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Figure 2.6 Cross-section of UDMOS
There are many vertical power MOSFET structures based on the DMOS and many lateral
power MOSFETs based on the RESURF principle. The following are some typical
structures.
• Vertical Diffused MOSFET (DMOS) and UDMOS
The typical DMOS structure is shown in Fig 2.2. This vertical structure obtains a better
trade off between breakdown voltage and RDSON as stated before.
the silicon surface and consumes a good deal of area.
in Fig 2.6.

Its channel is along

The UDMOS structure is shown

Compared to the DMOS, the UDMOS has no JFET region and has higher

channel density to significantly reduce the on-resistance of the device. Moreover, the
UMOSFET has no sharp oxide tip because the corners of the gate oxide located in the ndrift region can be rounded by isotropic etching.

In order to prevent the catastrophic

destruction of the gate oxide due to the electrical crowding at the corner of the trench, the
P-body is usually designed to be deep enough and the doping concentration at the bottom
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of the P-body is high enough to ensure that the voltage breakdown occurs first at the
junction of the P-body and in the N- drift region.

Therefore, the voltage is clamped to

prevent undue stress on the gate oxide.
• Lateral Diffusion MOSFET (LDMOS)
Compared to the structure of the basic n-channel MOSFET in figure 2.1, the LDMOS
(Fig. 2.7) has an additional lightly doped (n-) region between the oxide and the drain.
Because most of the voltage applied on the drain is supported by the n- drift region, the
LDMOS can withstand high voltage with thinner gate oxide and shorter channel length.
Over the past two decades, publications have paid much attention to the REduced
SURface Field (RESURF) high voltage thin-epi technologies.

The RESURF effect

provides a method to increase the supporting voltage of a thin layer, and it can be in
either a lateral or vertical form.

Fig. 2.8 explains the basic principle of the RESURF

effect with a simple lateral diode.
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Figure 2.7 Cross section of LDMOS
Fig. 2.8(A) shows that when a thicker N- region is not fully depleted, the critical electric
field will be applied to the P+/N-junction. Fig 2.8(b) shows a thinner N- region used to
implement the RESURF effect.

With the full depletion of the N- region, the P- and N-

junction becomes the breaking junction.

With the depletion of the N- region, the

electric field is spread more widely. In this case, combined with the fact that a lower Pdoping can support a higher electric field, a higher breakdown voltage is achieved
without sacrificing other performance characteristics.
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2.2
Fundamentals Of Synchronous Buck Converters
A synchronous buck converter is a modified version of the basic buck converter circuit
topology in which the freewheeling diode is replaced by a second power MOSFET, the
SyncFET.

The top FET switch (CtrlFET) charges the inductor current in the same way

as in the standard buck converter. When the CtrlFET is turned off, the SyncFET turns

(a)

thick epi layer

(b) thin epi layer at high applied voltage
Figure 2.8 Electric field distribution in N-epi layer of different thickness
on to provide a current path for the discharging inductor.

This modification introduces a

tradeoff between increased cost and improved efficiency.

When addressing the low

output voltage, high output current converters, such as the buck converters that deliver
power to the CPU of a computer (output voltage near 1 volt), the freewheeling diode of a
standard buck converter results in significant power loss due to its large forward voltage
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drop.

By replacing the diode with a power MOSFET with very low RDSON, the

associated conduction loss is reduced and converter efficiency can be improved.

VIN
CtrlFET

L

VOUT

C

Load

SyncFET

Figure 2.9 Schematic of a synchronous buck converter

2.2.1 Power Losses Associated With MOSFET Operation States
For a synchronous buck converter, the voltage ratio Vout/Vin is controlled by changing
the duty cycle of the CtrlFET.
turns off at the same time.

In the ideal case, the SyncFET turns on and the CtrlFET
However, the gate signals of both MOSFETs cannot be

complementary due to finite MOSFET turn-on and turn-off time.

A dead-time, within

which both MOSFETs are turned-off, is inserted into the gate signal cycle as shown in
Fig 2.9 to guarantee the safe operation of the buck converter.

A state diagram depicts

the current conduction mode of the synchronous buck converter is shown in Fig. 2.10.
Normally, the switching sequence of the synchronous buck converter is A-B-C-B-A. If
the dead-time is not appropriately set, shoot-through may occur during normal operation.
The detailed switching cycle is analyzed below:
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Step 1, CtrlFET is on.

The inductor is charged by the power source, VIN, through the

CtrlFET. During this state, the CtrlFET produces conduction power loss due to the
presence of its RDSON.

The conduction loss introduced by the CtrlFET is normally not

Figure 2.10 flow chart of a synchronous buck converter
very significant due to the large VOUT/VIN step down ratio.
Step 2, the CtrlFET is in the turning off transition, but the SyncFET channel is not turned
on yet.

The body diode of the SyncFET is turning on to keep the inductor current

continuous. Load current transfers from the CtrlFET to the SyncFET body diode. The
hard switching of the CtrlFET turning off introduces significant switching power loss.
Step 3, the SyncFET body diode conducts current. This time range is called dead time.
The large forward voltage drop of the diode results in large power loss. This dead-time
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is always minimized to improve converter efficiency.

If the dead-time is reduced below

the turn-off time of the CtrlFET, the switching mode may go to state D, instead of state
B.

Such a shoot through condition should be avoided, as it results in significant power

loss and may damage the circuit.
Step 4, the SyncFET MOS channel is turning on.
body diode to its channel.

Current transfers from the SyncFET

For the SyncFET, this switching process is an almost zero

voltage transition.
Step 5, the SyncFET channel conducts current. The inductor is discharging through the
SyncFET.

The on time of SyncFET is normally a large portion of a working cycle of

the buck converter.

Thus the RDSON of the SyncFET is minimized to reduce possibly

significant conduction loss.
Combining step 4 and step 5, conduction loss normally dominates for the SyncFET.
Step 6 is the reverse step of step 4. Now, the current transfers from the SyncFET MOS
channel to its body diode.
Step 7 is the same as step 3.
Step 8, the current is transferred from the SyncFET body diode to the CtrlFET channel.
A significant reverse recovery current is associated with this process in which the
forward conducting diode is taken from forward to reverse bias.

This reverse recovery

current of the SyncFET body diode not only introduces its own power loss, but also
increases the turn on power loss of the CtrlFET.

Many methods were introduced in the

past decade to improve the SyncFET body diode reverse recovery performance.
Upon detailed analysis of the switching cycle of the synchronous buck converter, it is
now possible to separate the total active component power losses into the following seven
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individual loss terms to fully reflect the device parameters’ impact on the efficiency of
synchronous buck converters: CtrlFET and SyncFET conduction loss terms, which are
determined by their RDSON; CtrlFET turning off loss term, which is highly correlated to
the switching speed of the CtrlFET; CtrlFET turning on loss term, which is a double
effect of both CtrlFET switching speed and SyncFET body diode reverse recovery
performance; SyncFET switching loss term, which is mainly due to the SyncFET body
diode and MOS channel switching performance; and finally CtrlFET and SyncFET gate
drive losses, which are determined by the gate capacitances of both FETs.
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CHAPTER 3

NEW INSIGHT ON POWER LOSSES OF POWER
MOSFETS AND DIODES

A clarification is presented of the basic analytical power loss calculation formulae
appearing in numerous text books, application notes, and data sheets.

3.1
Background
The switching loss of power MOSFETs becomes a dominant factor in the total power
loss for power electronics converters with the PWM frequency being pushed into the
multi-MHz range to improve converter dynamic performance and compactness.

A

simple yet reasonably accurate method of estimating power MOSFET switching losses
based on device datasheet information is highly desirable for predicting maximum
junction temperatures and overall power converter efficiencies.

However, the complex

switching behavior and switching losses of a power MOSFET are difficult to model
analytically due to the non-linear characteristics of MOSFET parasitic capacitances and
the typical inductive load of power electronic converters.
Before getting into the analysis of the switching process of MOSFETs, it is important to
understand the waveforms which occur naturally in power electronic converters. There
are many different types of circuits used in power converters, motor drivers, lamp ballasts
and other devices.

Fig.3 1 shows four widely used circuits.

All of these circuits, and

in fact most power electronics circuits, contain the same “switch-diode-inductor” network
shown within the dotted lines at Fig 3.1.
inductive load network.

This network essentially is a diode-clamped,

The behavior of this network is the same in all of these circuits,
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which means that switching process analysis can be conducted for one circuit and then

Figure 3.1 Inductor, MOSFET and Diode configuration in different topologies
applied to all others.
Fig 3.2 shows a typical diode-clamped, inductive load switching circuit and the
simplified switching waveforms of the power MOSFET.

vDS and iDS are the drain to

source voltage and current respectively while vGS and iGS are the gate to source voltage
and current respectively.

The three inter-electrode parasitic capacitances CGS, CGD, and

CDS of the power MOSFET are also labeled in Fig 3.2. A commonly used formula for
estimating the power MOSFET drain-to-source switching loss PSW is given by
PSW =

1
1
I D ⋅ VD ⋅ ( toff + ton ) ⋅ f + COSS ⋅ VD2 ⋅ f
2
2
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(0.4)

where ID, VD, f are the load current, bus voltage and switching frequency while ton and toff
are the power MOSFET turn on and turn off time, respectively. The switching times ton
and toff are often estimated by
ton = toff =

Qsw
I GS

(0.5)

Qsw is the gate switch charge provided in all power MOSFET datasheets.

iD

iDS
VD

iGS Rg CGD
vGS

Vgs

CGS

ich

C DS

ID

vDS

VD

ton

toff

Figure 3.2 Power MOSFET inductive switching circuit and simplified waveforms
Assuming a linear transition of iDS and vDS, the first term of (3.1) simply calculates the
switching power loss in the shadowed area below ID and VD at transition periods in Fig
3.2.

The second term of (3.1) is often referred to as the output capacitance loss term.

The reason for including this additional loss term is claimed to be that the energy stored
in the output capacitance of the power MOSFET during MOSFET turn-off is internally
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dissipated through the MOS channel in the form of joule heating during MOSFET turnon, but is not accounted for by the first term of (3.1).
The method of estimating power MOSFET switching loss based on (3.1) and (3.2) is
widely accepted in numerous textbooks [missing reference], technical articles [missing
reference], application notes [missing reference], and device datasheets [missing
reference].

However, there are two basic questions regarding the correctness and

accuracy of this calculation method.

The first question is regarding the justification of

the additional output capacitance loss term.

The second question is on the accuracy of

the linear approximation of vDS since the real voltage waveforms of a power MOSFET
are highly nonlinear due to its nonlinear capacitive characteristics.
This chapter investigates the internal physics of MOSFET switching processes, and
subsequently examines the existing switching loss estimation method based on the
physical insights.

The misconception and inaccuracy in the existing estimation are

identified and clarified. A relatively accurate method of estimating switching loss based
on data sheet information is then introduced, which is validated by a mixed-mode
device/circuit simulation approach.

3.2
Modeling of Power MOSFETs
A 500V/16A “virtual” power MOSFET was designed based on the current technology
platform.

In order to accurately reproduce the behavior of the power MOSFET in actual

circuit operation, carefully chosen physical models and model parameters such as carrier
mobility and excessive carrier lifetime are used in DESSISTM simulation,.

The

MOSFET models are validated by comparison to the measurement parameters of their
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commercial counterparts.

Table 3.1 shows the electrical parameter comparison between

the “virtual” power MOSFETs and their real world counterparts (IRFP450 from

Table 3.1 Electrical Parameters of Power MOSFETs
Parameters

Testing Conditions

Virtual Power
MOSFET

IRFP450
(IR)

SFQ9N50C
(Fairchild)

VBR(DSS)

VGS=0V, ID= 250uA

583 V

>500 V

>500 V

VGS(th)

VDS = VGS, ID = 250uA

4.1V

3.0 V

3.0 V

RDS(on)

VGS = 12V, ID = 20 A

0.6 Ω

0.4 Ω

0.65 Ω

gfs

VDS = 15V, ID = 30A

11 S

10 S

6.5 S

Ciss

VGS = 0V,

2749 pF

2600 pF

1030 pF

Coss

VDS = 25V,

355 pF

720 pF

170 pF

Crss

f = 1MHz

82 pF

340 pF

30 pF

QG

VDS = 100V,

186 nC

150 nC

28 nC

QGS

VGS = 15V,

13 nC

20 nC

4 nC

QGD

ID = 14A

50 nC

50 nC

15 nC

International Rectifier and FQP9N50C from Fairchild Semiconductor).
agreement is observed.

Reasonable

Note that no special efforts were made to fine tune the

geometrical and process parameters of the “virtual” MOSFET to match perfectly with the
commercial MOSFETs. Instead, the intention was to build a realistic yet sufficiently
generic power MOSFET model and to study its switching characteristics.
The capacitance characteristics, which strongly influence the switching performance of a
power MOSFET, are shown in Fig. 3.3 to further validate the physical power MOSFET
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model.

Each virtual model achieves a reasonable agreement with its commercial

counterpart.
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(a) Capacitance characteristics of the virtual power MOSFET

(b) Capacitance characteristics of IRFP450
Figure 3.3 Capacitance characteristics of the power MOSFETs
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3.3
Results and Discussion
The switching behavior of the virtual power MOSFET under diode-clamped inductive
load condition is investigated using the mixed-mode simulation setup shown in Fig 3.4.
A set of supply voltages (VD) of 400V, 200V, and 100V, and load currents (ID) of 16A,
8A, and 4A is selected for the numerical study.

A PWM switching frequency of 100

kHz is used in all simulations. An ideal freewheeling diode is used in all simulations to
decouple the reverse recovery loss from the switching losses of the power MOSFET.
Fig 3.5 shows the simulated switching waveforms of the vGS, vDS, and iDS of the “virtual”
MOSFET with 400V VD and 16A ID.

These waveforms closely resemble the measured

switching waveforms of power MOSFETs widely reported in literatures [11]. Detailed
power loss analysis for various testing conditions can be performed based on the
simulation results which provide the physical insights into power MOSFET operation.

iD
iDS

VD
vDS
VGS

Rg

Figure 3.4 A numerical power MOSFET model in mixed-mode DESSIS simulation. Note
that separate N+ source and P-body contacts are used to provide information on the
channel and displacement currents
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a)

b)
Figure 3.5 Simulated switching waveform at a) MOSFET turning on; b) MOSFET
turning off
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3.3.1 The Output Capacitance COSS Loss Term
As shown in Fig. 3.4, two separate source metal contacts were purposefully made for the
n+ source and p-body regions of the virtual MOSFET respectively.

This allows

a)

b)
Figure 3.6 The real MOS channel current and drain to source current comparison: a)
MOSFET turn on; b) MOSFET turn off
separate monitoring of the electron channel current from the n+ source and the hole
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displacement current from the p-body, which is impossible in actual commercial power
MOSFET measurement.

Fig 3.6 illustrates the actual MOS channel current, iCH, and the

externally measurable drain to source current, iDS, respectively along with the gate
voltage.
At the steady-state, iCH is the same as iDS as shown in Fig 3.6.

During the MOSFET

turn-on and turn-off transition periods, the iCH significantly differs from iDS.

The MOS

channel conducts a current significantly higher than the load current during turn-on
because of the additional current coming from the discharging of the output capacitance
as shown in Fig 3.6 (a).

It first seems to be appropriate to include the COSS loss term in

(3.1), since the energy stored in the output capacitance of the power MOSFET during
turn-off is internally dissipated through the MOS channel in the form of joule heating
during turn-on, but is not accounted for by the first term of (3.1).
However, Fig 3.6 b) clearly shows that the actual iCH is significantly lower than the iDS
during turn-off because a large percentage of the load current is diverted from the MOS
channel to charge the output capacitor.

It should be pointed out that the reduction in

channel current and joule heating during turn-off is equally unaccounted for by the first
term of (3.1).
The MOSFET equivalent circuit with internal capacitances shown in Fig 3.2 is used to
explain the internal physics of MOSFET switching.

When the MOSFET is turning off,

the total drain current iDS is split into two current components.
component flows through channel as iCH.
contributes to the switching power loss.

The first current

This current generates joule heat and

The second current component charges the

output capacitance COSS, but does not generate any joule heat.
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Obviously, the energy

stored in the output capacitor should not be counted as part of the turn-off switching loss.
In other words, the first term of (3.1) overestimates the turn-off switching loss. When
the MOSFET is turning on, the charge stored in COSS is discharged through the MOS
channel.

As a result, the actual iCH is composed of two current components: iDS and the

COSS discharging current. Both currents generate joule heat during the turn-on period
but the discharging current contribution is not accounted for by the first term of (3.1).
In another word, the first term of (3.1) underestimates the turn-on switching loss.
Now the questions are: First, is there a net difference between the overestimated turn-off
loss and underestimated turn-on loss by the first term of (3.1)?

Second, can the second

term (i.e. the COSS loss term) of (3.1) be justified to account for this difference?
Table 3.2 summarizes the power loss contributions from COSS discharging during the
MOSFET turning on period and charging during the MOSFET turning off period for a
range of operating voltages and currents.

The power loss contributions are calculated

based on the time integral of the product of the drain-to-source voltage and the channel
current component due to COSS charging or discharging, which is calculated as the
difference between the iCH and the iDS.

The net charging/discharging power loss

contribution and the calculated COSS loss using the second term of (3.1) are also listed in
the table for comparison.

It is observed that the power loss contributions from the COSS

turn-on discharging and turn-off charging almost completely cancel each other under all
switching voltage and current conditions.

The minor difference between them, P3,

mainly due to the gate related power loss, is much smaller than the calculated COSS loss
based on the second term of (1), P4.
cannot be justified.

It is hence concluded that the COSS loss term in (1)

Note that COSS still has a significant impact on the switching time
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and hence the total switching loss of the power MOSFET in the first term in (1).

The

switching power loss calculation is expressed in a simple way as

Table 3.2 Simulated output capacitor power loss contributions
during the MOSFET turn-on and turn-off
Switching Voltages and Currents

P1 (W)

P2 (W)

P3 (W)

P4 (W)

400V/4A

1.1854

-1.2196

-0.03415

3.46

400V/8A

1.2456

-1.3256

-0.08

3.46

400V/16A

1.3621

-1.4533

-0.091

3.46

200V/8A

4.7510

-5.0269

-0.276

1.23

100V/8A

2.4038

-2.4740

-0.07

0.47

P1: COSS Turn-On Discharging Loss Contribution,
P2: COSS Turn-Off Charging Loss Contribution,
P3: Net Power Loss due to COSS Discharging and Charging,
P4: COSS Power Loss Estimation using (3.1)
PSW =

1
I D ⋅ VD ⋅ ( toff + ton ) ⋅ f
2

(0.6)

From the first order physical view, equation (3.3) reveals the fundamental definition of
power losses.

3.3.2 Linear Approximation of Drain-to-Source Voltage Waveform
Normally, both drain current and voltage waveforms contain a linear approximation
assumption so as to estimate the switching time ton and toff by (3.2).

However, MOSFET

inner capacitances are highly nonlinear functions of inter-electrode voltages as shown in
Fig 3.3.

The reverse transfer capacitance CGD of the power MOSFET decreases

dramatically with increasing vDS.

As a result, vDS typically demonstrates a two-slope
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switching waveform as shown in Fig 3.7. During the turn-on transition of a power
MOSFET, vDS first decreases quickly to a transition voltage VX, and then decreases
slowly to the drain-to-source on voltage VDS(ON) [6]. VX, usually much lower than the
bus voltage VD, represents the vDS at which the n-epi layer under the gate oxide changes

Figure 3.7 power MOSFET gate charge and drain voltage waveforms
from depletion to accumulation.
Several gate charge parameters are defined in Fig 3.7. Q1 is the gate charge required to
raise the gate voltage to the threshold voltage of the power MOSFET while Q2 defines
the gate charge increment needed to further increase the gate voltage to the miller plateau
voltage VP.

During the Q1 period, nothing really happens to the power MOSFET.

Q2 period is the time slot in which the drain current rises to the load current.

The

In this

paper, Q3 is defined as the gate charge increment needed for the drain voltage vDS to drop
to the transition voltage VX, and Q4 as the gate charge increment needed for the gate
voltage to reach the miller plateau. Note that Q3 and Q4 are not explicitly specified in
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the datasheets of commercial power MOSFETs.

Normally, a widely accepted switching

gate charge parameter QSW definition is as following
QSW = Q2 + Q3 + Q4

(0.7)

where QSW is used in (3.2) to calculate the switching time, which is subsequently used for

Figure 3.8 MOSFET gate voltage and current waveforms
switching power loss calculation in (3.3).
Switching power loss calculation based the linear approximation of vDS over the period
defined by QSW will result in a gross overestimation, since the switching loss contribution
during the second slope period defined by Q4 is almost negligible.

From the practical

view, it is acceptable to neglect the switching loss contribution after vDS goes below VX.
A new effective switching gate charge Q*SW to estimate switching time can be defined as
*
QSW
= Q2 + Q3
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(0.8)

*
The effective switching gate charge QSW

will compensate for the power loss

overestimation due to the linear approximation of vDS.

VX is a very important device

parameter for accurate estimation of the effective switching time.

Unfortunately, most

power MOSFET manufacturers do not provide this information on the datasheets [7], [9].
*
In the virtual power MOSEFT developed in this work, QSW and QSW
are about 54 and 24

nC respectively.
For the widely used voltage source gate drivers, the non constant gate current presents
another problem when estimating the switching time ton and toff using (3.2).

As Fig 3.8

shows, the gate current begins with a large spike, then stays nearly constant at the miller
plateau, finally dropping to zero with a RC constant. Detailed work was conducted to
calculate the times related to above three processes, then obtaining the ton and toff [missing
reference]. Those calculations may be too complicated for a practical application.
Considering the characteristics of the gate current shown in Fig 3.8, the gate current at
the miller plateau is constant and roughly represents the average gate current during the
power MOSFET turning on/off period. This current can be used to simply estimate the
effective switching time, which is defined as
*
I GS
=

Vgs − V p
Rg

(0.9)

Where, Rg is the total gate resistance, including MOSFET inner resistance, driver
resistance, etc.

The switching time is then estimated by (3.2), (3.5) and (3.6).

Table

3.3 compares the simulated switching power loss Psw of the “virtual” MOSFET with the
estimation values obtained from (3.4) using the QSW and Q*SW parameters respectively.
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We also list the power loss calculated by the switching time estimated by [insert author’s
name et al], which is a quite complicated method.

The time estimation method using

QSW turns to have huge error due to the assumed linear vDS transition. This work then
substitutes the QGD in [again, need some description here] with Q3 to estimate the
switching time.

The results are list as P8 and P9.

Table 3.3 Comparison of Power MOSFET Switching Loss Estimation with QSW and Q*SW
Parameters
Switching Voltage and Current

P5 (W)

P6 (W)

P7 (W)

P8 (W)

P9 (W)

400V/8A

2.808

8.018

3.01

6.525

3.266

200V/8A

1.155

4.018

1.505

3.262

1.633

100V/8A

0.662

1.614

0.752

1.631

0.816

P5: Actual Switching Power Loss,
P6: Switching Power Loss Estimation with QSW/ I*GS,
P7: Switching Power Loss Estimation with Q*SW/ I*GS,
P8: Switching Power Loss Estimation with t*, which is estimated by [],
P9: Switching Power Loss Estimation with t1*, which is estimated by [] with QGD
replaced by Q3.

The comparisons between P6 and P7, P8 and P9 clearly show that the switching power
loss calculation based on QSW introduces a large error of 100-132% while the calculation
based on Q*SW offers a far more accurate estimation.
Comparing P5, P7, and P9, it can be concluded that the effective gate current estimation
(3.6) provides a practical and relatively accurate calculation.
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3.4
Experimental Results And Discussion
An experimental setup is built to verify this conclusion as shown in Fig. 7. An IRFP450
commercial power MOSFET is used in the testing circuit. In order to truly measure the
power loss of power MOSFET, no snubber circuit is used in this setup.

Unlike in the

mix-mode modeling study, the MOS channel current iCH in this setup can not be directly
measured. Instead, only the drain current iDS of the power MOSFET can be directly
measured.

We have to add an external capacitor CAP to emulate the effect of COSS. A

0.22µF and 1 µF capacitor are used as the CAP respectively, which are much larger than
the internal COSS of IRFP450 of 0.33 nF to amplify the effect of COSS. The bus voltage is
set to 100V and the switching frequency at 10k Hz. The output capacitance COSS loss
according to

1
2

⋅ COSS ⋅VD2 ⋅ f would be additional 11W and 50W for the two capacitance

values, respectively. However, no noticeable difference in the total power loss of the
IRFP450 MOSFTE was observed in the testing. With different output capacitance, the
MOSFET shows almost the same power loss. This further validates the conclusion from
our modeling study that the COSS loss term in Equation (1) is not justified.
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Figure 3.9 An experimental setup to verify our hypothesis on power MOSFET Coss
switching loss using an external capacitor between the drain and source of the MOSFET.

3.5
Conclusions
The switching power loss estimation method widely accepted by the power electronics
community is carefully examined based on new physical insights.

The misconception

and inaccuracy in the existing calculation method are identified based on detailed MOS
channel current analysis in the physical device model.

It is concluded that the widely

accepted output capacitance loss term in the existing calculation method is redundant and
erroneous, and the current method of approximating switching times with the power
MOSFET gate charge parameters grossly overestimates the switching power loss. This
paper recommends that a new transition voltage parameter VX and a corresponding new
switching gate charge parameter Q*SW be specified in all power MOSFET datasheets to
facilitate a more accurate estimation of switching times and power losses of power
MOSFETs.
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CHAPTER 4

POWER LOSS ANALYSIS OF POWER MOSFETS
IN DC-DC BUCK CONVERTERS

4.1
Introduction
Power MOSFETs are widely used as both control and synchronous rectifier switches in

buck converters for computer, telecommunication and consumer applications [1]-[13].
Power MOSFETs usually account for most of the power losses, and often determine the
overall efficiency of today’s DC/DC converters.

Over the past decade, the power

semiconductor industry has significantly improved MOSFET performance, especially in
terms of the figure of merit (FOM) of RDS(ON)×QG [6, 7]. The analysis, modeling, and
optimization of power MOSFET performance in synchronous buck converters has also
become the focus of a significant amount of research work in the past few years [8]-[12].
The objective is to identify the optimum design of the CtrlFETs and SyncFETs that offers
the highest converter efficiency. The previous work addressed this goal with varied
levels of success, but several issues still remain open especially in light of ever-evolving
DC/DC converter design requirements.
The RDS(ON)×QG. FOM is generally considered as the single most important indicator of
MOSFET performance in DC/DC converters in the medium switching frequency range of
100 kHz to 1 MHz.

As the switching frequency of buck converters increases to the

MHz range to facilitate better converter transient response and smaller passive
components, it is not clear how closely the RDS(ON)×QG FOM correlates to the overall
converter efficiency, or whether a different FOM needs to be defined. Furthermore, the
analysis on individual MOSFET power loss contributions, namely, conduction loss of the
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CtrlFET, conduction loss of the SyncFET, switching loss of the CtrlFET, diode loss of
the SyncFET, and gate drive losses of both the CtrlFET and SyncFET, were previously
limited to the use of simple analytical equations based on approximations and
assumptions [4, 8, 9, 11, 13]. These simple device models have only very limited
accuracy [14]. More importantly, they are not capable of revealing or predicting the
influence of variations in device structures or circuit operating conditions on each of the
individual power loss terms. This is essential knowledge required for developing future
generation power MOSFETs for high efficiency and high density buck converters.
Lastly, the scope of the previous work on power MOSFET performance analysis was
limited to the study of either one particular power MOSFET technology [4] or just a
limited number of commercial parts [5, 15]. While offering useful information on how
to select commercially available power MOSFETs for today’s practical converter design,
the previous work does not sufficiently address the perspectives and theoretical
limitations of power MOSFET technology for future generation DC/DC converters
operating with ever-increasing switching frequency, slew rate, and output current. In
this chapter, a comprehensive investigation is offered into the performance perspectives
and theoretical limitations of power MOSFET technology in synchronous rectifier buck
converters over a wide range of operating conditions [16].

The MOSFET device

structures under investigation include but are not limited to those manufacturable with
today’s semiconductor fabrication technology. The investigation was carried out with a
mixed-mode device/circuit simulation approach. Device measurement data was also
used to validate the physical device models. Various power loss contributions from the
CtrlFETs and SyncFETs at different operating conditions were studied in detail.
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Several important observations were made which may shed some light on the
development of future generation power MOSFETs, as well as the optimal utilization of
today’s power MOSFETs in buck converter applications.

4.2
Modeling of Power MOSFETs Under Investigation
To conduct a comprehensive study of the impact of different power MOSFET

technologies on buck converter performance, we build several virtual CtrlFETs and
SyncFETs based on several lateral and trench MOSFET technology platforms, as shown
in Fig 4.1.
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(a) lateral MOSFET

(b) type A: basic trench MOSFET

(c) Type B: thick bottom oxide

(d) Type C: ultra narrow trench
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(e) Type D: floating poly plug

(f) Type E: high cell density

(g) Type F: low cell density
Figure 4.1 Various power MOSFET structure cross-sections
Fig 4.1 (a) and (b) show the cross-sectional views of a lateral and basic trench MOSFET.
The parasitic gate-drain capacitance Cgd (Miller capacitance) is clearly marked in both
devices. It is evident that the overlap area between the polysilicon gate electrode and
the n-type drain region is inherently much smaller in the lateral MOSFET than the trench
MOSFET.

For this reason lateral power MOSFETs offer a much lower gate capacitance

and gate charge than the trench MOSFETs.
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Fig 4.1(c) shows a trench MOSFET structure with a thick oxide layer at the bottom of the
trench to minimize QGD [3][18]. Fig 4.1(d) shows a trench MOSFET cell with an ultranarrow trench width to minimize QGD by reducing the effective gate-drain overlap area
[2]. Fig 4.1(e) illustrates a trench MOSFET structure with a floating poly shield below
the gate polysilicon trench refill [19]. The objective of these advanced trench MOSFET
concepts is to further improve the RDS(ON)×QG FOM. In order to obtain a reasonable
comparison between different technologies, above structures have the same pitch size as
the basic trench power MOSFET.

Fig 4.1(f) and (g) show a high density trench

MOSFET cell with a cell pitch of half of the basic structure[1] and a low density trench
MOSFET with a double cell pitch size of the basic structure, respectively.
In order to accurately reproduce the behavior of the power MOSFETs in actual circuit
operation, we have carefully chosen the physical models and model parameters used in
DESSISTM simulations, such as carrier mobility and excessive carrier lifetime.

The

lateral and trench MOSFET models are validated by comparison against measured
parameters of commercial MOSFET devices. Table 4.1 shows the electrical parameter
comparison between the “virtual” power MOSFETs and their real world counterparts.
Reasonable agreement is observed.
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Table 4.1 Comparison of simulated and measured electrical parameters of trench and lateral power MOSFETs
Parameters

Testing
Conditions

VGS=0V,
ID=250uA
VDS = VGS,
VGS(th)(V)
ID= 250uA
RDS(on)
VGS = 4.5V,
ID = 12/ 24A
(mΩ)
Ciss (pF)
VGS = 0V,
V
Coss (pF)
DS = 15V,
f = 1MHz
Crss (pF)
QG (nC)
VDS = 15V,
VGS =4.5V,
QGS (nC)
ID = 12A
QGD (nC)
VGS=0V,
Qrr (nC)
ID=250uA

VBR(DSS) (V)

CtrlFET
Model

Trench MOSFETs
Lateral MOSFET
CtrlFET SyncFET SyncFET LDMOS
GWS12N30
IRF6617 Model IRF6618 Model

36.4

> 30

36.4

> 30

32.7

>30

1.42

1.35 -2.35

1.35

1.64

1.02

1.0

10

7.9-10.3

2.30

< 3.4

5.07

5.0

1304
427
190
11
4.1
4.0

1300
430
160
15
4
6

5607
1837
817
43
16
15

5640
1260
570
65
15
25

1250
400
58
13.0
2.0
4.0

1200
800
100
15
2.5
4.5

n/a

n/a
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17

n/a
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Table 4.2 Comparison of trench power MOSFET technologies
Type
Base structure (A)
Thick bottom (B)
Floating poly plug (C)
Narrow trench (D)
High density (E)
Low density (F)

Area
Factor
1
1.04
1.138
1.106
0.622
1.94

Ron
(mΩ)
9.4
9.4
9.4
9.4
9.4
9.4

Ciss
(pF)
1263
1230.8
1410.3
1303
1546
1318

COSS
(PF)
234
212.2
227.3
233
126
428
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Crss
(pF)
144
109.2
118.9
106.9
105
240

Qrr
QG
(nC)
(nC)
31.992 13.587
28.14 10.505
36.296 11.7
33.097 12.2
18.096 13.685
57.257 19.24

QGD
(nC)
5.0
4.2
4.5
5.1
4.8
11.3

Ron*QG
(mΩ*nC)
127.718
98.747
109.98
114.68
128.639
180.856

Ron*QGD
(mΩ*nC)
47
39.48
42.3
47.94
45.12
106.22

Table 4.2 lists the major device parameters of all SyncFETs being scaled to have the
same RDS(ON) of 9.4 mΩ. To obtain this requirement, different die sizes are used for
different technologies as shown in Table 4.2. It is observed that only the high cell
density MOSFET technology (Type E) significantly reduces specific RDS(ON) at the
expense of a large increase in both specific QG and FOM of RDS(ON)×QG. Type E also
provides the minimum Qrr among all the MOSFET technologies due to its smaller die
size required to maintain the same RDS(ON). The thick bottom oxide (Type B) achieves
the highest FOM, which effectively reduces the specific QG (QGD) with only a subtle
specific RDS(ON) penalty. The floating poly plug MOSFET structure (Type C) reduces
specific QGD with a penalty on specific RDS(ON). The narrow trench MOSFET (Type D)
effectively improves the FOM compared with the basic structure but does not provide
much benefit compared with type B and C.

The low density MOSFET (Type F)

obviously has the worst FOM. It can be predicted that type F has the worst performance
among all these technologies.
After the completion of MOSFET physical model validation, a chip set of virtual CtrlFET
and SyncFET for both the lateral and trench technologies is incorporated into the mixedmode simulation of a buck converter circuit with an input voltage of 12V and an output
voltage and current of 1V and 20A respectively in Fig 4.2. The duty cycle of the buck
converter was carefully adjusted to maintain a 1V/20A output. It is assumed that the
CtrlFET and SyncFET are fabricated using the same device technology in this study,
even though it is possible or perhaps even advantageous to mix different MOSFET
technologies in the buck converter chip set. A RDS(ON) ratio of 4.3 was chosen between
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the CtrlFET and SyncFET. The issue of optimizing this RDS(ON) ratio is to be discussed

Figure 4.2 Mixed-mode DESSIS simulation circuit for DC/DC converter
with numerical power MOSFET models
in the following section.

4.3
Optimal Sizing of Control and Synchronous Rectifier MOSFETs
Below MHz range, it is thought that the switching loss dominates CtrlFETs due to the

hard-switching transition and small duty cycle and that condution loss dominates
SyncFETs due to the nearly zero voltage switching transiton and longer condution period.
A CtrlFET of smaller die size is selected to reduce the gate charge for smaller switching
loss.

Conversely, a SyncFET of relatively large die size is used to reduce the

conduction loss.

Beyond MHz range, selection of large-size MOSFETs may not

necessarily lead to efficiency improvement even though the conduction losses are
reduced, since the MOSFET switching and gate drive losses increase with increasing die
size. Silicon cost is yet another factor that needs to be considered in MOSFET sizing.
An optimal size exists for both the CtrlFETs and SyncFETs to provide a minimum total
power loss.
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Figure 4.3 Converter efficiency as a function of the SyncFET die size

Figure 4.4 Converter efficiency as a function of the CtrlFET die size
Fig 4.3 shows the converter efficiency as a function of the die-size of the SyncFET given
a fixed CtrlFET die size of 2.2 mm2 at various switching frequencies.

The direct

observation is that there is no efficiency benefit with increasing SyncFET die size at
frequencies greater than 2 MHz. For a lower frequency range, an increased SyncFET
die size introduces a subtle efficiency increase, which should be weighed against the
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added production cost. For example, at 0.5MHz, an increase in die size of about 2.6
times results in a 2.5% efficiency improvement. For frequencies higher than 2 MHz,
such as 5 MHz, the increased die size, in fact, introduces efficiency degradation. Fig 4.5
illustrates the individual loss terms at different frequencies, which helps to explain the
above observations.

The switching losses dominate at MHz frequency range and

increase as the switching frequency increases. As the die size increases, the conduction
loss decrease is easily overshadowed by the increase of switching losses. This effect is
more significant when considering the CtrlFET die size. As Fig 4.4 shows, beyond 1
MHz frequency, there is no net efficiency benefit with an increased CtrlFET die size.

Figure 4.5 Individual power loss terms for frequencies between 500 kHz and 5 MHz
At 5 MHz, the increased die size introduces a 7% efficiency degradation.
In this specfic case, for a fixed CtrlFET die size of 2.2 mm2 , the optimal size of the syncFET decreases from 11.8 mm2 to 4.8 mm2 when the switching frequency increases from
500 kHz to 5MHz, indicating the increasing weight of switching losses at higher
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switching frequencies. The die size of 9.4 mm2 seems to be a good choice for the
SyncFET over the frequency range of 500 kHz to 5 MHz. For a fixed die size of 9.4
mm2 for the SyncFET, the optimal size of the CtrlFET is about 1.1 mm2. The increase
in die size beyond 3.3 mm2 only results in a less than 1% improvement in efficiency at
500 kHz, making 1.1 mm2 a good choice for the CtrlFET.
Furthermore, as shown in Fig 4.3 and 4.4, an optimum range of MOSFET die size exists
to offer maximum converter efficiency, instead of a single maximum point. If 1% or
less efficiency degradation is acceptable, the size of the MOSFETs can be significantly
reduced to reduce MOSFET costs. This is especially true at higher switching frequencies
where the die size of the SyncFETs and CtrlFETs can be reduced almost by 50%.

4.4
Trench Power MOSFET Versus Lateral Power MOSFET
In general, trench power MOSFETs offer low specific RDS(on), but suffer from high gate

charge and gate capacitance due to the inherent vertical trench gate structure. With the
PWM frequency being pushed into the multi-MHz range to improve converter dynamic
performance and compactness, the large switching loss of trench MOSFETs due to their
high gate charge becomes a major concern. Recently lateral power MOSFETs were
reported to demonstrate superior performance over vertical trench MOSFETs in lowvoltage, high-current, multi-MHz, soft-switching DC-DC converters [14]-[17].
Fig 4.1 shows the cross-sectional views of a basic trench and lateral MOSFET. The
parasitic gate-drain capacitance Cgd (Miller capacitance) is clearly marked in both
devices. It is evident that the overlap area between the polysilicon gate electrode and
the n-type drain region is inherently much smaller in the lateral MOSFET than the trench
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MOSFET.

For this reason lateral power MOSFETs offer a much lower gate capacitance

and gate charge than the trench MOSFETs.

For example, a 8V-rated lateral power

MOSFETs demonstrated a factor of 3 improvement in the QG×RDS(on) figure of merit over
its trench MOSFET counterpart, and was successfully designed into several 3.5MHz softswitching DC/DC converters [15].
Fig 4.6 shows the comparison of the measured QG and RDS(on) of a 30V lateral MOSFET
(GWS12N30) and several state-of-art commercial trench power MOSFETs. The lateral
power MOSFET shows a QG roughly half of that of the trench MOSFETs with a similar
RDS(on). In general, it is anticipated that the low QG of the lateral MOSFET leads to a
higher efficiency in hard switching buck converters, especially those with an operating

Figure 4.6 Measured QG×RDS(on) figure of merit (FOM) comparison between
30V lateral and trench power MOSFETs.
frequency above 1 MHz. However, it is not clear to what extent such improvement can
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be achieved, and if there are other power loss factors that fundamentally limit the
maximum practical switching frequency of buck converters.
The major focus of this section is the influences of the gate charge parameters QG of both
lateral and trench power MOSFETs on the efficiency of synchronous buck converters
over a wide range of operating frequencies.

Furthermore, various power loss

contributions from the CtrlFET and SyncFET and their dependence on the switching
frequency are studied in detail. Several observations are made which may shed some
light on the influence of power MOSFET selection in multi-MHz synchronous buck
converters.

4.4.1 Converter Efficiency and Power Loss Analysis
The “virtual” lateral CtrlFET and SyncFET are generated by scaling the active area

factors of the virtual generic lateral MOSFET model listed in Table 4.1.

We select the

active area factors of the “virtual” lateral CtrlFET and SyncFET in such a way that they
closely match the RDS(on) of the corresponding trench CtrlFET and SyncFET. Therefore,
the lateral and trench MOSFETs will introduce nearly the same conduction losses. This
allows us to focus on the comparison of switching losses and the influence of gate charge
on the performance of MHz buck converters.
Fig 4.7 shows typical switching waveforms of the simulated buck converter at a
switching frequency of 2 MHz, which are very similar to typical measurement
waveforms [missing reference]. The ringing in the waveforms is introduced by parasitic
inductances, such as the wiring inductance and MOSFET drain and source inductances.
Since our focus is mainly on the comparison of power losses of active switching
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Figure 4.7 Switching waveforms at 2 MHz switching frequency
components in this paper, we assume ideal passive components (L and C) in the mixedmode device/circuit simulation of the buck converter. Buck converters based on both
trench and lateral MOSFET chipsets are each investigated at switching frequencies of
200 kHz, 500 kHz, 1 MHz, 2 MHz, and 5 MHz.
Fig 4.8 shows the overall efficiency comparison between buck converters using lateral
and trench MOSFET chipsets (Type A and Type B, respectively) at various switching
frequencies.

While the lateral and trench MOSFET buck converters initially

demonstrate similar efficiency at 200 KHz, the difference in efficiency become much
greater with increasing frequency.

At 2 MHz, the lateral MOSFET converter

outperforms its trench counterpart in terms of efficiency by four percentage points when
only MOSFET power losses are considered. The efficiency improvement increases with
increasing switching frequency. At 5 MHz, the buck converter using a lateral MOSFET
chipset offers an efficiency improvement of about five percent points over the buck
converter using a trench MOSFET chipset.
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The gate resistance influences the di/dt of power MOSFETs in the buck converter. With
the same or even larger gate resistor a lateral power MOSFET experiences a greater di/dt

Figure 4.8 Efficiency vs. frequency comparison between lateral and trench MOSFET
than its trench counterpart due to its significantly lower gate charge and capacitance. As
shown in Fig 4.8, the di/dt of the trench MOSFET with a gate resistor of 2.0 Ω is 6000
A/µs, and 7000 A/µs and 8500 A/µs for the lateral MOSFET with a gate resistor of 3.5
and 2.0 Ω respectively. Interestingly a higher di/dt leads to a lower efficiency due to the
excessive SyncFET body diode loss, as will be discussed later in this section.
Fig 4.9 compares the individual loss terms between the lateral and trench MOSFET
chipsets at a frequency of 1 MHz, 2 MHz, and 5 MHz. It is observed that:
-

Conduction losses remain nearly constant independent of frequency change, and
contribute only a small percentage of the total power loss in the MHz frequency
range for both trench and lateral power MOSFETs.
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-

CtrlFET switching loss and SyncFET body diode loss dominate the total power
loss in the MHz frequency range for both trench and lateral power MOSFETs,
respectively accounting for roughly 47% and 26% of total power loss at 5 MHz.

-

The lateral MOSFET technology, thanks to low gate charge, offers a significantly
lower gate drive loss and CtrlFET turn-on loss than the trench MOSFET platform.
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Figure 4.9 Comparison of individual power loss terms between lateral and trench
MOSFET s at a frequency of 1 MHz, 2 MHz, and 5 MHz
63

Next, we compare in detail the gate drive and SyncFET body diode loss terms of the buck
converters based on lateral and trench MOSFET chipsets and analyze the influence of
gate charge QG on the efficiency of synchronous buck converters.
• Gate drive losses analysis
The gate driver loss of a typical MOSFET is calculated using:
Pgate = QG ⋅ VG ⋅ f

(0.10)

where VG is gate drive voltage and f is the switching frequency. QG of the lateral
SyncFET is about 40% lower than that of the corresponding trench SyncFET. Fig 4.10
compares the gate drive losses of the trench and lateral SyncFETs. The trench SyncFET
has about 2.5 times higher gate drive loss than the lateral SyncFET due to its large gate
charge. At a frequency of 5 MHz, the trench SyncFET shows a gate drive loss of about
2.5W, which accounts for approximately 17% of the total MOSFET power loss.

Figure 4.10 Gate drive loss of lateral and trench SyncFETs vs. frequency
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The SyncFET gate drive loss accounts for an increasingly large portion of the total
MOSFET power loss at the multi-MHz frequency range. This is especially true for light
load operation of the buck converter. Fig 4.11 compares the converter efficiency as a

Figure 4.11 Different load current comparison between lateral and trench MOSFETs
function of load current for lateral and trench MOSFETs at a frequency of 2 MHz. The
lateral chipset shows much lower efficiency degradation at light load than the trench
chipset. Under light-load conditions, the conduction loss, body diode conduction loss
and switching losses decrease with decreasing load current while the gate drive loss
becomes increasingly dominant as shown in Fig 4.12. The gate drive loss of the buck
converter using a lateral MOSFET chipset accounts for 8% and 26% of the total power
loss respectively when the load current decreases from 16 A to 6 A at a switching
frequency of 2 MHz. In comparison, the gate drive loss of the buck converter using a
trench MOSFET chipset is more significant due to the higher gate charge of trench
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MOSFETs. Even at a load current of 16 A, the trench SyncFET gate drive loss is about

a)

b)
Figure 4.12 Comparison of individual power loss terms between lateral and trench
MOSFET s at 2 MHz and a load current of (a) 6 A and (b) 16 A
1 W and accounts for 17% of the total power loss.
Besides the significant efficiency degradation, a large gate driver loss puts unwanted
requirements on the circuit designer. Compared with today’s hundreds of milli-watt
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drivers, the power MOSFET gate driver needs to provide more than 2.5 Watt at MHz
switching frequency. The gate driver circuit may need a new isolation technique, etc, to
satisfy the requirement.
The flat efficiency performance of the lateral power MOSFET chipset makes it a good
candidate for buck converters powering devices that switch between different load
conditions frequently, such as computers.
• SyncFET Body Diode Loss
In this section, we discuss the power losses related to the reverse recovery of the
SyncFET body diode.
The body diode reverse recovery of the SyncFET not only introduces its own power loss
but also increases the CtrlFET turn-on switching loss due to the current overshoot. Fig

Figure 4.13 Body diode reverse recovery waveforms of lateral and trench SyncFETs
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4.13 shows the body diode reverse recovery waveforms for both lateral and trench
SyncFETs. In our simulation, the trench SyncFET has a reverse recovery charge Qrr of
40 nC while the lateral SyncFET has a slightly smaller Qrr of 35 nC. This difference in
Qrr between the lateral and trench is clearly shown in Fig 4.13.
Another observation is that the di/dt of the CtrlFET current has a major impact on the
converter power losses. As shown in Fig 4.14, a gate resistance of 3.5 Ω and 2 Ω result
in a di/dt of 7000 A/µs and 8500 A/µs for the CtrlFET current, respectively. It is clearly
shown that a reduced di/dt of the CtrlFET current leads to a reduction in the SyncFET
body diode loss and CtrlFET turn-on switching loss. There is a significant difference in
the converter efficiency between these two cases, as shown in Fig 4.8. This presents an
interesting circuit design dilemma since a larger gate resistor helps reduce the SyncFET
body diode loss, but at the same time increases the switching time and the CtrlFET turnoff switching power loss. Fig 4.15 compares the individual loss terms between the two
cases discussed above. For the CtrlFET turn-off loss, which is directly related with
switching time, the 3.5 Ω gate resistance obviously increases the switching time and
induces a larger switching loss. However, the slower switching transition achieves a
lower di/dt for the SyncFET current, which helps to reduce the reverse recovery current
and consequently the SyncFET body diode loss. For the CtrlFET turn-on loss, a larger
gate resistor introduces a longer switching time but a smaller current overshoot caused by
the SyncFET body diode reverse recovery. The overall CtrlFET turn-on loss variation
depends on the net outcome of those two competing effects. From the point of view of
the SyncFET body diode loss, slower switching transition is desirable for lower power
loss. On the other hand, faster switching transition is needed to reduce switching times
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and losses. Therefore the di/dt switching transition needs to be optimized for MHz
converter operation.
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Figure 4.14 SyncFET body diode reverse recovery current waveforms of lateral
SyncFET with different gate resistor and di/dt

Figure 4.15 Comparison of individual power loss terms of lateral MOSFET chipset with
different gate resistor and di/dt

4.4.2 Summaries
This above work shows that lateral power MOSFETs offer significant efficiency

improvement (up to five percent points at 5 MHz) over trench power MOSFETs in hard
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switching synchronous buck converters in the multi-MHz frequency range.

The

efficiency improvement mainly comes from the reduced gate drive power losses and
switching times due to the low QG property of the lateral MOSFETs. It is also observed
that the di/dt of the MOSFET currents should be controlled carefully so that the
efficiency improvement from the MOSFET switching time reduction is not negated by
the increase of SyncFET body diode loss due to a high di/dt. Furthermore, the converter
efficiency over the full load range is examined in this paper. The lateral MOSFET
chipset provides a flat efficiency over the full load current range. The lateral power
MOSFET exhibits much improved light-load efficiency due to the reduced gate drive
power losses.
It is concluded that the CtrlFET switching loss and SyncFET body diode loss
predominantly limit the efficiency of hard switching buck converters using either a trench
or lateral MOSFET chipset. Soft-switching topology, low input voltage, innovative
dead time control methods, and improved MOSFET body diode reverse recovery
performance are recommended to alleviate the problem.

4.4.3 Discussion
The CtrlFET switching loss and SyncFET body diode loss increase with increasing

switching frequency in the MHz range and predominantly limit the efficiency of hard
switching buck converters using either trench or lateral MOSFET chipsets. To alleviate
this problem, soft-switching topology should be first considered to replace the hard
switching buck topology and avoid excessive switching power losses. However, if the
buck topology must be used in the multi-MHz frequency range, the input voltage should
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be limited to a reasonably low level. For a fixed dc bus voltage, a multiple stage
conversion approach may be needed. Switching dead time needs to be minimized with
innovative adaptive and/or digital control approaches. Furthermore, the lateral or trench
power MOSFETs need to be further optimized to reduce body diode reverse recovery
charge without compromising other device parameters.
Gate drive power loss is yet another important loss factor right after the CtrlFET
switching loss and SyncFET body diode loss. Lateral power MOSFETs, offering lower
gate drive power losses than the trench MOSFETs, are preferred for multi-MHz and/or
light load operation of buck converters. The optimal sizing of the lateral SyncFET and
CtrlFET needs to be further investigated for MHz frequency operation, which is expected
to differ from today’s common practice of trench MOSFET chipset selection for buck
converters operating below 1 MHz.

It may be advantageous to considerably reduce the

die size of both SyncFET and CtrlFET to minimize the switching losses with a
reasonably small penalty of conduction loss increase.

4.5
Comparison of Various Types of Trench MOSFETs
A number of structural variations of the trench power MOSFET technology have been

developed or proposed in the past decade. In this seciton, we conduct performance
analysis on several advanced trench MOSFET structures as shown in Fig. 4.1. This may
shed some light on how to improve future power MOSFET design. Note that some of
these device concepts are still in the research stage and not in full scale production. We
have included these device structures into our study to address the issue of performance
perspectives and theoretical limitations of both today’s and future generation trench
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power MOSFET technologies in synchronous rectifier buck converters over a wide range
of operating conditions, especially in the MHz frequency range.
Table 4.2 lists the major device parameters of all SyncFETs being scaled to have the
same RDS(ON) of 9.4 mΩ. To obtain this requirement, different die sizes are used for
different technologies as shown in Table 4.2. It is observed that only the high cell
density MOSFET technology (Type E) significantly reduces specific RDS(ON) at the
expense of a large increase in both specific QG and FOM of RDS(ON)×QG. Type E also
provides the minimum Qrr among all the MOSFET technologies due to the lower die size
requred to maintain the same RDS(ON). The thick bottom oxide (Type B) achieves the
highest FOM, which effectively reduce the specific QG (QGD) with only a subtle specific
RDS(ON) penalty. The floating poly plug MOSFET structure (Type C) reduces specific
QGD with a penalty on specific RDS(ON).

The narrow trench MOSFET (Type D)

effectively improves the FOM compared with the basic structure, but does not provide
much benefit compared with type B and C.

The low density MOSFET (Type F)

obviously has the worst FOM. It can be predicted that type F has the worst performance
among all these technologies.
A ratio of 4.3:1 is assumed between the SyncFET and CtrlFET for all the trench
MOSFET technologies. All six chipsets of the “virtual” trench MOSFETs listed in
Table II are evaluated in the 12V-input, 1V/20A-output buck converter. It is assumed
that the CtrlFET and SyncFET are fabricated using the same device technology in our
current study, even though it is possible or perhaps even advantageous to mix trench and
lateral MOSFETs in the buck converter chip set.
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Fig. 4.16 compares the full load converter efficiency among the six MOSFET
technologies at various switching frequencies. As we predicted, the low density chip set

Figure 4.16 Efficiency vs. switching frequency for different trench MOSFET
technologies
provides worst efficiency performance over the whole frequency range.

The thick

bottom chip set offers the best performance in MHz frequency range. As shown in
Table II, the thick bottom MOSFET has the lowest Qrr and QGD for the same RDS(on). At
5 MHz, the thick bottom chipset provides 10% higher efficiency than the low density
chipset.
We also compare the individual power loss terms of these two chip sets at a switching
frequency of 2 MHz in Fig. 4.17 to further discuss the large difference in efficiency.
The conduction losses of both CtrlFET and SyncFET are almost the same as they have
the same RDS(on), while there is a large difference in the switching losses due to the
difference in the Qrr and QG parameters. It is well known that a smaller QG provides faster
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switching speed. With the thick bottom and the low density MOSFETs exhibiting a QG
of 10 nC and 20 nC respectively, the thick bottom MOSFET has much smaller CtrlFET

Figure 4.17 Comparison of individual power loss terms of thick bottom and low density
MOSFET chipsets
turning off loss, which is directly proportional to the switching speed.
Smaller QG also offers smaller gate driver power loss. This is also observed in Fig.
4.17. The low density chip set requires much larger gate driver power losses. At even
higher frequencies, the gate driver power requirement will be a major problem. Smaller
QG will definitely be required.
The reverse recovery of the body diode of the SyncFET induces not only the loss on the
body diode of the SyncFET itself but also the turn-on switching loss of the CtrlFET.
The thick bottom SyncFET has a Qrr of 28 nC, while the low density SyncFET has a Qrr
of 58 nC. As shown in Fig. 4.17, the body diode loss of the thick bottom SyncFET is
lower than its low density counterpart.
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Considering the CtrlFET turning on loss, the large difference between the two types of
MOSFETs is due to the difference in both the Qrr and QG parameters. Larger Qrr of the
low density MOSFET introduces larger reverse recovery loss and its larger QG introduces
larger switching loss as shown in Fig. 4.17.
It should be noted that smaller QG may not always lead to overall performance
improvement of the buck converter. As the gate charge of the trench power MOSFET is
further reduced with new fabrication technology, the turn-on current slew rate di/dt of the
CtrlFET may further increase, resulting in an increase in the reverse-recovery current of
the SyncFET body diode, and subsequently an increase in the turning on switching power
loss of the CtrlFET and the body diode loss of the SyncFET.

Under certain

circumstances, the reduction of gate charge of the MOSFET becomes counter-productive

Figure 4.18 FOM RDS(ON)×QG of trench power MOSFETs
and leads to higher switching power losses.
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The RDS(ON)×QG. FOM is generally considered as the single most important indicator of
MOSFET performance in DC/DC converters in the medium switching frequency range of
100 kHz to 1 MHz.

As the switching frequency of buck converters increases to the

MHz range to facilitate better converter transient response and smaller passive
components, it is not clear how closely the RDS(ON)×QG FOM correlates to the overall
converter efficiency, or whether or not a different FOM needs to be defined. Fig. 4.18
shows DC/DC converter efficiency as a function of FOM of RDS(ON)×QG at 1, 2, and
5MHz switching frequency. Different data points in Fig. 4.18 may represent different
trench MOSFET technologies. The RDS(ON)×QG. FOM seems to correlate well with the
converter efficiency even in the MHz operating frequency range.
In this paper, we have comprehensively investigated the performance perspectives and
theoretical limitations of trench power MOSFETs in synchronous rectifier buck
converters over a wide range of operating conditions.

Several trench MOSFET

technologies are investigated using a mixed-mode device/circuit modeling approach.
Individual power loss contributions from the CtrlFETs and SyncFETs and their
dependence on switching frequency between 500 kHz and 5 MHz are discussed in detail.
It is observed that going from 0.5 MHz to 5 MHz, the conduction loss contribution
decreases from 40% to 4% while the switching loss contribution increases from 60% to
96%. Under hard switching operation condition, the buck converter efficiency is limited
to 80% at 2 MHz and 65% at 5 MHz even with the most advanced trench MOSFET
technology.
For the base technology we studied, beyond 1 MHz frequency there is no obvious benefit
to increase the die size of either SyncFET or CtrlFET. For 5 MHz, given a constant die
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size of SyncFETs, the die size increase of CtrlFETs actually introduces obvious
efficiency degradation.
For different trench technologies, the technology providing the lowest QG yields the
smallest gate driver loss and the smallest CtrlFET turning off loss. On the other hand,
smaller QG gives a faster switching transition, which may introduce larger reverse
recovery loss due to large di/dt. Basically, there is a trade off between faster switching
transition and smaller reverse recovery loss. The technology, which has lowest Qrr
theoretically provides the best reverse recovery loss under the same CtrlFET current slew
rate.
In order to give a good indication on trench MOSFET design for the MHz frequency
operating range, we obtain the RDS(ON)×QG FOM. The simulation results show that this
FOM still correlates well to the overall converter efficiency.
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CHAPTER 5

STUDY OF SYNCHRONOUS RECTIFIER
MOSFET OPERATION

Chapter 4 shows that the SyncFET body diode reverse recovery loss plays an important
role in converters’ total power loss.

Several approaches have been noted in the

literature for controlling the reverse recovery loss mechanism. One technique is to
control the lifetime profiles in the MOSFET by irradiation [43]. This method requires
special processing steps, and arriving at an optimal profile in practice while minimizing
the penalty of adverse affects to other transistor parameters can be a challenge. Another
method is to combine a Schottky contact in parallel with the MOSFET [44].

The

superior reverse recovery characteristics of the Schottky contact may improve the overall
reverse recovery of the integrated solution [45]. The higher junction leakage arising in
the Schottky interface is the major drawback of this methodology. Multi-chip Schottky
device solutions are used in some cases [46]. A concern about this method is the
parasitic inductance encountered in connecting the Schottky diode to the MOSFET.

Z

Load

Tdead −time

Figure 5.1 Synchronous buck converter dead-time operation
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The alternative method is to integrate the Schottky into the DMOS process flow and
layout. This monolithic solution avoids issues with connection parasitics and allows
considerably more flexibility in implementing the Schottky structure [47, 48]. In this
chapter, we investigate the working mechanism of the SyncFET in the third quadrant
operation and reverse recovery process to find ways to reduce its body diode reverse
recovery loss.

5.1
SyncFET Third Quadrant Operation Clarification
As a safety consideration, dead-time is normally inserted between the two MOSFET gate

driving signals to avoid cross conduction in synchronous buck converters as shown in
Fig. 5.1.

During dead-time, the SyncFET body diode is turned on to keep the

inductance current continuous. Once the body diode is turned on, the source of the
SyncFET is positively biased with respected to its drain. In this case, the physical drain
behaves electrically as a source since it has lower potential than the physical source.
The physical source now behaves as a drain to remove electrons from the channel. A
MOSFET operating in this conduction condition is said to be in third quadrant mode.
During third quadrant operation, contrary to common understanding, the body diode of
the SyncFET actually does not carry the full load current. The load current is still
carried by the MOSFET channel operating in a sub-threshold conduction mode.
This statement is supported by a series of experiments conducted using a parameter
analyzer. The experimental setup is shown in Fig. 5.2. We trace the MOS channel and
the body diode currents of the power MOSFET through its separated p-body and n source
contacts. Drain voltage VDS is biased from 0 to -0.7V with a 0V gate bias.
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Vds

Vg

I1

I2

Figure 5.2 Experimental setup to test MOS channel current and body diode current of
power MOSFETs
Fig. 5.3 (a) and (b) show the MOSFET channel current and body diode current versus
VDS for power MOSFETs with threshold voltages of 1.104V and 2.264V, respectively.
The test results clearly show that beyond -0.35V drain bias, more than 90% of the total
current is carried by the MOS channel.

The other observation is that the power

MOSFET with a lower threshold voltage has a larger MOS channel current at the same
bias conditions due to the fact that its MOS channel has a larger current conduction
capability.
Fig. 5.4 shows the currents versus VDS of a power MOSFET with the gate biased to 0V,
0.25V, 0.5V, and 0.75V. As the gate bias increases, more current passes through the
MOS channel due to the increase in conduction capability of the MOS channel. It
should be noted that the non-exponential characteristic of currents in Fig. 5.3 and 5.4 is
mainly due to the resistance effect at high current density.
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(a) VTH = 1.104V

(b) VTH = 2.264V

Figure 5.3 Experimental results of MOS channel current and body diode current
components of two power MOSFETs working in third quadrant

(a) VGS = 0 V

(c) VGS = 0.5 V

(b) VGS = 0.25 V

(d) VGS = 0.75 V

Figure 5.4 Experimental results of MOS channel current and body diode current
components of a power MOSFET working in third quadrant at different gate biases
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In addition to experiment results, numerical simulations are conducted to further verify
this phenomenon. Fig. 5.5 shows that the MOS channel current dominates the total
current over the entire drain bias range. Fig. 5.6 snapshots the simulated current density
for this power MOSFET with 0V gate bias and -0.7V drain bias, which clearly shows that
the predominant current is electron current passing through the MOS channel surface.
The hole current density, which is the body diode current, is at least 1 order of magnitude
smaller than the electron current density.
Both test results and physical insights of the power MOSFET clearly reveal that the MOS
channel in fact carries most of the total current during third quadrant operation.
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Figure 5.5 Simulation results of MOS channel current and body diode current
components of a power MOSFET working in third quadrant

Figure 5.6 Simulated electron and hole current density during third quadrant operation
We explain this phenomenon as follows. In the third quadrant operation mode, the
threshold voltage of trench power MOSFETs is reduced due to the following two
reasons:
-- Since the physical source is shorted to the p-body for power MOSFETs, the
potential of the p-body is now positively biased to physical drain. In other
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words, the p-body is positively biased to its physical source. This results in a
significant body effect, which reduces the threshold voltage of the MOS channel.
-- For trench power MOSFETs, the P-body doping concentration is lower at the
physical drain side than at the physical source side. Lower doping concentration
results in lower threshold voltage.
We conducted two tests to extract the threshold voltage of a power MOSFET working in
the first quadrant (Fig 5.7 (a)) and the third quadrant (Fig. 5.7 (b)). The trench power
MOSFET shown in Fig. 4.1 (b) is placed in the two test circuits shown in figure 5.7.
The threshold voltage is 2.258V during first quadrant operation, but only 0.619 V during
third quadrant operation.

(a) the first quadrant

(b) the third quadrant

Figure 5.7 Experimental setup to test threshold voltage of a power MOSFET working
in the first quadrant and the third quadrant
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Figure 5.8
During third quadrant operation, if we assume the electrical drain is first biased to about 0.7 V due to the full turn on of the body diode, the voltage from the gate to physical
source (electrical drain) is now 0.7V. The MOS channel with 0.619V threshold voltage
is fully turned on. As most of the current is passing through the MOS channel, the drain
bias will drop down due to the lower power MOSFET RDSON. This results in a gate bias
decrease. The MOS channel tends to be turned off. As this happens, the body diode
will carry current to increase the drain bias. These two mechanisms work together to
reach a balance point.

At the balance point, most current is carried by the MOS

channel, but the drain bias is only slightly smaller than the body diode forward voltage.
This may be the reason why most people assume the MOSFET body diode carries the
majority of current when a power MOSFET is working in the third quadrant.
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This effect has two important impacts on the SyncFET conduction. Firstly, since the
MOS channel carries the majority of current, there will be less minority carrier storage
during the third quadrant operation. The body diode reverse recovery performance will
be improved due to fast removal of fewer stored minority carriers. In addition to this,
due to the low RDSON of the MOS channel, there is a lower conduction power loss
compared with the case where the body diode carries the majority of current. This
physical insight may reveal that the best way to reduce the reverse recovery of the
SyncFET is to reduce the power MOSFET parasitic capacitance instead of its minority
carrier lifetime.
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Figure 5.9 Simulated current density of a SyncFET at 40 ns and 44 ns during dead-time
of a synchronous buck converter
After investigating the static operation of a power MOSFET under third quadrant
operation, we check the current density of SyncFET in a DC-DC converter as shown in
Fig. 4.2. Fig. 5.9 is the total current density at point A and point B shown in Fig. 5.10.
The current density at the surface of the MOS channel is at least one order higher than the
current density at body diode region.

The simulation results verify that the MOS

channel carries most of the current during the dead time switching operation.
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Figure 5.10 phase point voltage waveform

5.2
Anti-Parallel Schottky Diode with SyncFET
Many articles use an anti-parallel Schottky diode combined with the SyncFET in

synchronous buck converters to reduce the reverse recovery losses generated in the
SyncFET and associated power loss in the CtrlFET. The effectiveness of the Schottky
diode is entirely dependent on the stray parasitic inductance between the SyncFET and
the Schottky diode. In most discrete designs, the parasitic inductance is usually too high
for the Schottky diode to improve efficiency.

Some advanced package situations

provide the low inductance of the device package and allow some efficiency
improvement.

The innovation of the integration of a Schottky diode on the same chip

of a low voltage MOSFET allows joining the performances of a good MOSFET (high
power and current handling) to those of the Schottky rectifier without the negative effects
of high parasitic inductance.
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Figure 5.11 Synchronous buck converter with different anti-parallel Schottky diode
configurations
We analyze three situations as shown in Fig 5.11. 1: A power MOSFET only used as
SyncFET.

2: A Schottky diode anti-parallel with a power MOSFET.

Parasitic

inductance exists between power MOSFET and Schottky diode. 3: A Schottky diode
co-packed with a power MOSFET. In this configuration, no parasitic inductance exists
between the MOSFET and Schottky diode. We plot the efficiency versus frequency of
these three configurations in Fig. 5.12. A Schottky co-packed with a power MOSFET
as SyncFET provides much better efficiency performance over the whole frequency
range from 0.2MHz to 5 MHz. At 5 MHz, the Schottky co-packed with a power
MOSFET shows nearly 10% efficiency improvement over only one power MOSFET
used as SyncFET.

The parasitic inductances overshadow the possible efficiency

improvement from the Schottky diode when the Schottky diode is connected to the power
MOSFET outside of the package. As shown in Fig 5.12, the Schottky diode connected
outside of the power MOSFET package offers nearly no efficiency improvement over a
single power MOSFET as SyncFET.

The individual loss terms of the converters

working at 2 MHz frequency are compared in Fig 5.13. Fig 5.13 clearly shows that the
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Schottky diode co-packed with MOSFET provides the best body diode power loss
performance.
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Figure 5.12 Efficiency performance of different Schottky diode and power MOSFET
configurations

Figure 5.13 Individual power loss term comparison for different Schottky diode and
power MOSFET configurations at 5 MHz
The detailed current waveforms of the power MOSFET and Schottky diode in all three
configurations are shown in Fig. 5.14. For the case that a power MOSFET is co-packed
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Figure 5.14 Current distribution between MOSFET and Schottky diode of different
configurations
with a Schottky diode, the reverse recovery current of SyncFET is much smaller than
other cases due to most of the dead time current being carried by the Schottky diode due
to its large die size. For the case that the Schottky diode is connect outside the package
of the MOSFET, the Schottky in fact does not carry much current during dead-time, as
shown in Fig 5.14 (dashed green line). In this case, the SyncFET has almost the same
operation as the circuit without an anti-parallel Schottky diode with an insignificant
efficiency improvement.

5.3
Anti-parallel Schottky diode die sizing issue
An anti-parallel Schottky diode is used together with the SyncFET of Synchronous buck

converters to decrease the reverse recovery loss.
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The die sizing issue of Schottky

remains unsolved. Should the Schottky die size be comparable with the SyncFET to
carry the load current during the third quadrant?

As stated in section 5.1, the MOS

channel in fact carries most of the current under the static third quadrant condition. The
Schottky die can be reduced to a suitable size for less silicon cost. In addition to using
less silicon real estate, a smaller Schottky introduces less parasitic capacitance, which is
advantageous for switching transition.

In this section, we focus on the basic

phenomenon of Schottky, MOS channel and MOS body-diode current sharing.
Firstly, we conduct a quasi-steady simulation to test the current sharing characteristics
between the power MOSFET and Schottky diode under steady state.

Figure 5.15 A quasi-steady simulation setup to test current sharing between power
MOSFET and its anti-parallel Schottky diode
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(a)MUR1530

(b) Schottky model

Figure 5.16 Junction capacitance characteristics of MUR1530 and Schottky model

(a) MUR1530

(b)Schottky model

Figure 5.17 forward characteristics of MUR1530 and Schottky model
A power MOSFET and Schottky diode physical model are incorporated into the test
circuit as shown in Fig. 5.15. Different Schottky die sizes are used to observe the
current conduction mechanism during MOSFET third quadrant operation mode.
Without losing generality, we choose the basic trench power MOSFET model type A in
Fig. 4.1. Fig. 5.16 and 5.17 compare the electrical characteristics of the Schottky diode
simulation model with its commercial counterpart. Reasonable agreement is achieved.
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Figure 5.18 Current sharing between power MOSFET and Schottky diode for different
Schottky diode die sizes
Fig. 5.18 plots the current sharing between Schottky diode and power MOSFET when the
Schottky has a 0.19 mm2 and 0.38 mm2 die size as the driving current source ramps from
0A to 25A. The MOS channel keeps the same conduction capability for a given drain
bias, independent of the Schottky die size. The Schottky diode carries more current as
its die size increases. The larger Schottky die brings two disadvantages. The MOS
channel is not effectively utilized, and the parasitic capacitance is dramatically increased.
In addition to these two disadvantages, as the Schottky carries more current, the drain
bias of the power MOSFET will be lowered, which decreases the MOS channel current
conduction capability.
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Figure 5.19 Synchronous buck converter circuit used to simulate varied Schottky diode
die sizes
We compare the effect of Schottky die size on the performance of synchronous buck
converters based on the configuration shown in Fig 5.19. We keep the power MOSFET
at a fixed die size and investigate two different Schottky die sizes, 0.2mm2 and 2 mm2, to
reveal the fundamental physical insights.

Figure 5.20 current sharing between Schottky and power MOSFET for different Schottky
die sizes
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The current sharing between the Schottky diode and power MOSFET is shown Fig 5.20.
For the 0.2mm2 Schottky case, at the steady state dead-time conduction, the Schottky
diode carries 15% of the total current, and most current is carried by the power MOSFET.
For the 2mm2 Schottky case, at the steady state dead-time conduction, the Schottky diode

Figure 5.21 Ccurrent sharing between Schottky and power MOSFET for different
Schottky die sizes at reverse recovery transition
carries 85% of total current.
The detailed reverse recover current is shown in Fig 5.21. For the 0.2mm2 Schottky
diode, a small portion of current is carried by the Schottky diode during dead-time.
Most current flows through the power MOSFET. The power MOSFET exhibits larger
reverse recovery current than the power MOSFET combined with 2mm2 Schottky diode
does. It is worth noted that the discharging current of the 0.2mm2 Schottky diode is
smaller than the 2mm2 Schottky diode due to the its smaller junction capacitance. The
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total reverse recovery current is shown in Fig. 5.22. In fact, the total reverse recovery

Figure 5.22 Total reverse recovery current (MOSFET current + Schottky current) of
different Schottky die sizes
currents have no significant difference.
The MOS channel current and MOSFET body-diode current components are shown in
Fig. 5.23 for the above two cases. During the dead-time period, Fig. 5.23 clearly shows
that the MOS channel carries most current regardless of the die size of the Schottky
diode. This further proves that the MOS channel carries most of the total current during
its third quadrant operation, even when it is connected to an anti-parallel Schottky diode.
The efficiency for two different Schottky die sizes is 60.35% for a 0.2mm2 Schottky die
and 61.82% for a 2mm2 Schottky die. The detailed individual power loss term analysis
shows that the small improvement in fact comes from the smaller conduction loss of the
larger Schottky die. The results shows that the large Schottky die does not guarantee a
better reverse recovery characteristic due to the following two reasons. The first reason
is that the MOS channel in fact carries current during dead-time. The second reason is
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that large die size introduces large junction capacitance.

This introduces large

charging/discharging current, which degrades the reverse recovery performance of the
Schottky diode.

Also, a large Schottky diode needs more silicon real estate.

Figure 5.23 MOS channel current versus MOS body diode current during dead-time
and reverse recovery transition for different Schottky die sizes
Insignificant efficiency improvement may not be worth the cost.
Further work should be done to find the optimal Schottky diode/ power MOSFET die size
ratio.

5.4

Cdv/dt Induced SyncFET Turn-On Suppression

5.4.1 Cdv/dt induced turn-on and state-of-the-art solutions
Several papers mention Cdv/dt induced SyncFET turn-on during the CtrlFET turn-on

transition.

The gate voltages of the SyncFET and CtrlFET are reported in paper

[missing reference] as shown in Fig. 5.24. The basic phenomenon is described in Fig.
5.25. During the turn on transition of the CtrlFET, the SyncFET’s fast-changing drain
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voltage induces a current which is coupled through its miller capacitance CGD. This
current generates a voltage drop across the gate resistor and charges the CGS of the
SyncFET. At the SyncFET gate terminal, we observe a voltage signal even though the
gate driver is grounded at this time period. Cdv/dt induced turn-on in a synchronous
buck converter deteriorates the overall system efficiency and may result in circuit damage
because of the undesired shoot through currents flowing into both the CtrlFET and
SyncFET.

Paper [missing reference] analyzed this phenomenon using an analytical

method and concluded that the peak induced SyncFET gate voltage follows the following
equation:
VGS ,max =

CGD
× VG
CGD + CGS

(0.11)

Several MOSFET design solutions can be applied to reduce the effect of the Cdv/dt
induced turn-on problem in a synchronous buck converter. From (5.1), in order to have
a smaller VGS,max, we can lower the miller capacitance CGD or increase the gate-to-source
capacitance CGS. The parasitic capacitances are decided by the MOSFET structure and
present a trade off between many design specifications. Seldom do device designers
aims only to obtain the smallest peak Cdv/dt induced voltage. Another approach is to
raise the threshold voltage of the MOSFETs to prevent SyncFET turn-on, but this leads to
increased RDSON.
From the circuit design point of view, asymmetric CtrlFET gate drive and AC SyncFET
gate drive are normally used. The basic idea behind the asymmetric gate drive design is
to slow down the CtrlFET turning on transition without degrading its turning off
performance, since the Cdv/dt induced turn-on of the SyncFET is caused by the fast turn101

on of the CtrlFET. The AC gate drive is intended to pull down the turn-off gate voltage
of the SyncFET to below zero. This can shift the Cdv/dt induced voltage to a value
below the threshold voltage.

The above two solutions are constrained by PWM

controllers due to the dead-time limitation. They both enlarge the transition period,
which may necessitate longer dead time to prevent cross conduction between the
SyncFET and the CtrlFET.
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5.4.2 Dynamic threshold control
A SyncFET with threshold voltage higher than VGS,max can effectively prevent the Cdv/dt

Figure 5.24 Experimental waveform of Cdv/dt induced SyncFET gate voltage

CGD

Vp
Vg _ CtrlFET

Vg _ SyncFET _ given
Vg _ SyncFET _ real

CGS

Figure 5.25 Equivalent circuit to explain the Cdv/dt induced SyncFET gate voltage
induced cross conduction. The engineering trade off of a high threshold voltage is the
significantly increased RDSon, which significantly increases the conduction loss. We
propose a SyncFET with dynamically controlled threshold voltage to prevent the Cdv/dt
induced cross conduction without degrading its conduction performance.
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The substrate of the SyncFET is utilized to dynamically adjust its threshold voltage.
The threshold voltage of a MOSFET has a relationship with substrate bias as

VT = VFB + 2φF +

2ε s qN A (2φF + VSB )
Cox

(0.12)

During the CtrlFET turn-on period, the threshold voltage of SyncFET is increased by
applying negative substrate bias to prevent cross conduction. Another benefit of the
separate substrate terminal is that it can also be positively biased to reduce the threshold
voltage of the SyncFET to increase the MOS channel current conduction capability when
the SyncFET is working in third quadrant operation.

Vg1

α
Vg 2
Figure 5.26 A simplified schematic to realize dynamic SyncFET threshold voltage
A simplified mixed mode simulation is conducted to prove this idea. The configuration
is shown in Fig 5.26. The basic idea is that the substrate voltage inversely but not
linearly follows the change of the phase node voltage, Vp. During the CtrlFET turn-on
transition, the substrate is negatively biased to offer the power MOSFET a higher
threshold voltage. During the SyncFET turn-on period, the substrate bias is slightly
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positively biased due to a slightly negative Vp. During dead time, namely, the SyncFET
third quadrant operation mode, the substrate now obtains a positive bias. This decreases
the threshold voltage of the SyncFET, which increases the current conduction capability
of its MOS channel.
Fig. 5.27 compares the SyncFET current of synchronous buck converters with and
without substrate bias. The increased threshold voltage suppresses cross conduction
effectively.
There are several further considerations when applying dynamic threshold control.

Figure 5.27 Simulated results of suppressing Cdv/dt induced SyncFET spurious turnon using dynamic threshold control
Firstly, the substrate bias may introduce more depletion parasitic capacitance, which
complicates the switching transition. Secondly, the positive substrate bias should be
lower than the forward conduction voltage of the substrate-source p-n junction.
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CHAPTER 6

STUDY ON IMPROVING EFFICIENCY OF
SYNCHRONOUS BUCK CONVERTERS

In this chapter, we focus on the impact of circuit parameters on the efficiency of
synchronous buck converters.

6.1
Input voltage scaling down
Throughout recent decades with the proliferation of low-voltage, high-current

microprocessors/DSPs and high-voltage analog and power devices on a single chip, the
number of different voltage levels on a single board has increased dramatically. This
has forced designers to refine the popular distributed power architecture into a scheme
with an intermediate bus voltage, and to convert this bus voltage into the desired voltage
at the point-of-load using dc-dc converters. In effect, a two-stage power conversion
scheme — the first stage converts ac to high-voltage dc, and the second stage converts
this high-voltage dc to an intermediate bus voltage —is becoming popular with POL
converters delivering the required regulated voltage.
There is no single choice for the second level distribution bus, which depends on factors
such as cost, efficiency, and size. POL converters have several input voltage ranges in
today’s market. Although many favor 12 V for the intermediate bus, some have argued
that 6 V to 8 V is an optimum range from an efficiency standpoint.
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Figure 6.1 Efficiency versus frequency for different input voltages
Fig 6.1 compares the efficiency of a DC-DC converter with 6V and 12V input voltage
over 0.2MHz to 5 MHz operating frequency range.

With the frequency increasing, the

converter with a 6 V input voltage shows better efficiency compared with the converter
with a 12 V input voltage. At 0.2 MHz operating frequency, both converters show
almost the same efficiency. At 5 MHz operating frequency, the efficiency improvement
is more than 10%. The individual power loss terms are compared at 0.2 MHz and 2
MHz as shown in Fig 6.2.
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Figure 6.2 Individual power loss term comparison for different input voltages
We conclude that the input voltage scaling down effects the power loss of the converter
as following:
-- Gate driving losses of the CtrlFET and SyncFET are the same for different
input voltages due to the fact that the input voltage theoretically has no effect on
the gate driving circuit.
-- CtrlFET conduction loss increases with the input voltage scaling down due to
the increased duty cycle; SyncFET conduction loss deceases due to the same
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reason.

Since the CtrlFET normally has larger RDSON compared with the

SyncFET, the input voltage scaling down increases the total conduction loss of
MOSFETs in the VRM.
-- Switching loss: the input voltage scaling down decreases the switching losses of
both the CtrlFET and SyncFET. At the switching transition, the voltage across
both MOSFETs decreases with the scaled down input voltage, but the current
does not change appreciably.
At 200 kHz operating frequency, the increase of conduction loss and the decrease of
switching loss balance each other. There is no obvious efficiency difference between
two input voltages. As frequency goes higher, the switching loss dominates total power
loss.

The switching loss reduction due to the input voltage scaling down is more

advantageous at higher operating frequencies.

6.2
Influence of parasitic inductance and gate resistance
Power MOSFETs’ gate effective series resistance Rg, plays a major role in determining

all aspects of switching losses ranging from the current rise and fall times to shoot
through effect, as well as the current distribution on the device’s dice leading to uneven
loss distribution during turn on and off. Parasitic inductances from power MOSFET
packages and PCB copper wires also play an important role in determining the switching
speed of power MOSFETs. The synchronous buck converter schematic is shown in Fig
6.3 with all parasitic inductance included. Here, ld1, ls1 are drain and source parasitic
inductances of the CtrlFET respectively.
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ld2, ls2 are drain and source parasitic

inductances of the SyncFET respectively. Lw1, lw2 represent the copper wire inductance
of the PCB.

Figure 6.3 Schematic of synchronous buck converter with parasitic inductances
With today’s stringent VRM performance requirements, circuit-designers are trying to
decrease parasitic inductance in hopes that this will improve the performance of the
VRM. The total parasitic inductance normally ranges from 1nH to 4nH for today’s
VRM. As we state before, fast switching of the power MOSFETs does not guarantee
higher efficiency. In this section, we investigate the influence of parasitic inductance
and gate resistance of power MOSFETs on efficiency of the VRM.
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Figure 6.4 Efficiency versus frequency for different parasitic inductances
Fig 6.4 shows the parasitic inductance influence on efficiency up to the 5 MHz operating
frequency with the gate resistance as two Ohms. Simulation results show that smaller
parasitic inductance down to 1 nH provides better efficiency for this gate resistance.

Figure 6.5 Efficiency vs. Rg at different frequency with 1 nH parasitic inductance
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Fig 6.5 shows the efficiency versus gate resistance with total parasitic inductance as 1nH.
At lower operating frequencies, the gate resistance does not appreciably influence
efficiency, as the switching speed does not play a critical role in total power loss. As
frequency goes above 2 MHz, smaller gate resistance, which provides fast switching
transition, leads to efficiency degradation mainly due to the increased reverse recovery
loss caused by fast switching transitions. With the further increase of gate resistance,
the large power loss created by longer switching time overshadows the reduced reverse
recovery power loss of a slower switching transition. The efficiency decreases again.
In our particular case shown in Fig 6.5, the optimal gate resistance for 1 nH parasitic
inductance at 5 MHz is 4 Ohms and 3.5 Ohms for 2 MHz. Similar simulation results
with total parasitic inductance of 2 nH and 4 nH are shown in Fig 6.6 and 6.7.
Efficiency is reduced as parasitic inductance increases, but the efficiency is not sensitive
to changes in gate resistance for higher values of parasitic inductance.
From this point of view, the decrease of parasitic inductance provides better efficiency
only when the circuit components are optimized.
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Figure 6.6 Efficiency vs. Rg at different frequency with 2 nH parasitic inductance

Figure 6.7 Efficiency vs. Rg at different frequency with 4 nH parasitic inductance
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CHAPTER 7

SUMMARY AND FUTURE WORKS

7.1
Summaries
The power loss of active devices in power electronic converters becomes a significant of

total power loss as operation frequency increases.

The performance of the power

MOSFETs cannot be accurately predicted by traditional analytical models, because of the
nonlinear capacitance characteristics of power MOSFETs and the parasitic elements from
the device package and the PCB. The device finite element analysis model, which
directly shows the physics of power devices, can be employed to evaluate the power loss
associated with power MOSFETs and provide physical insight of power MOSFETs
working in power electronic converters.
Firstly, a classic inductive load diode clamped circuit is investigated to reveal the
analytical power loss calculation method. A close physical insight of power MOSFET
switching performance is examined by using a device/circuit mixed mode simulation
method. The analysis clearly shows that the output capacitance loss should not be
included in the traditional power loss equation shown in numerous text books and
technical papers.

The experimental data verifies these simulation results.

Also, a

further switching performance analysis reveals that the switching time of power
MOSFETs was over-estimated by most text books by the single voltage change slope
assumption during the power MOSFET switching process. A more accurate switching
time estimation method is proposed in this thesis.
The synchronous buck converters have recently garnered wide attention from different
standpoints due to their wide application in VRM. Many efforts have been concentrated
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to improve the efficiency of the synchronous buck converter using advanced control
strategies. This thesis focuses on analyzing and optimizing the power MOSFETs used
in converters to provide better converter efficiency. As [missing reference] states, the
active devices dissipate more than 70% of total power loss. Traditional analytical power
MOSFET modeling methods cannot provide good indication for power MOSFET
optimization due to the lack of physical insight. The device modeling method can be
employed in the evaluation of various losses associated with power MOSFETs.
The finite element analysis modeling of devices has long been widely used in
semiconductor design, but it is seldom employed in the complex circuit level simulation
due to convergence problems and the long simulation time needed for the circuit to reach
steady state. In this thesis, the simulation time is significantly reduced by setting the
initial states of passive components, such as inductance and capacitance, to their steady
states value. Hence, the circuit simulation avoids the transient process and immediately
enters the steady state.

The simulated results are then processed by a power loss

extraction program written in MATLAB, and the detailed power loss information for the
MOSFETs can be separated to provide optimization information for power MOSFET
design. This device/circuit mixed mode simulation method not only takes into account
the nonlinear effect of the MOSFET and the major parasitic components of the circuit,
but also directly links the power loss of the MOSFETs to the device structure and the
device technology.
As frequency goes beyond MHz, the switching power loss dominates the total power
loss. For example, going from 500KHz to 5MHz, for a typical trench power MOSFET,
the conduction loss contribution decreases from 40% to 4% while the switching loss
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contribution increases from 60% to 96%. Device designers are working on improve the
RDSON*QG FOM of power MOSFETs. Many new structures based on the typical trench
MOSFET have been proposed during the past few years to improve the gate charge
characteristic of trench power MOSFETs. In this thesis, we work on some typical
structure variations to reveal the relationship between the structure of power MOSFETs
and their power losses.
Lateral power MOSFETs, due to their naturally small overlap between gate electrode and
drain electrode, have smaller gate charge. On the other hand, the large RDSON of lateral
power MOSFETs limits their application. A new package, flip chip, diminishes the
parasitic package resistance dramatically and provides the 30 V rated lateral power
MOSFETs with similar RDSON to its trench MOSFET counterparts. This thesis analyzes
in detail the advantages of the lateral power MOSFET applied in synchronous buck
converters.
After detailed analysis of the individual power loss components of power MOSFETs, the
body-diode of the SyncFET is pointed out as the major component in a synchronous buck
converter that can be optimized to improve the performance of the circuit. The most
acceptable method is to connect an anti-parallel Schottky diode with the SyncFET, due to
the good reverse recovery performance of Schottky diodes. Using this method, the
parasitic inductance from both device package and PCB layout can easily diminishe the
performance improvement from the anti-parallel Schottky. Monolithically integrating
the Schottky onto the power MOSFET die solves the parasitic inductance problem and
improves the efficiency of a synchronous buck converter.
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Another issue associated with the integrated power MOSFET with Schottky diode is
selection of the Schottky silicon area. The experiments and simulation results show that
the MOS channel in fact carries most of the total current even when the SyncFET is
working in the third quadrant. This thesis shows that a small Schottky diode die size is
enough to improve the performance of the synchronous buck converter and also save
silicon cost.
The Cdv/dt introduced SyncFET turn-on during the CtrlFET turning on transition
introduces cross conduction between CtrlFET and SyncFET. This cross conduction not
only introduces more power loss but also may cause the circuit damage due to large spike
current. This thesis proposes a dynamic power MOSFET threshold control method to
suppress this spurious turning on of the SyncFET.

Simulation result verifies this

method.
After device level optimization, some circuit parameters, such as bus voltage, gate
driving voltage, gate drive resistance, line parasitic inductance, are optimized together
with power MOSFET to provide better efficiency performance for synchronous buck
converters.

7.2
Future works
In this dissertation, we use a device/circuit mixed mode simulation method to study the

optimization of power MOSFETs used in the synchronous buck converters for VRMs.
Due to the complexity of real device physics, no simple analytical methodology is
available to provide device/circuit level optimization design for synchronous buck
converters. Nowadays, most design works rely on designers’ experience. On the other
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hand, the application of professional device physical simulation software, such as the ISE
TCAD suite, is unrealistic for circuit designers and is very time consuming. The next
step, software which helps to optimize the synchronous buck converters, can be
programmed using the same idea. The software should have the following functions:
1. Takes account of basic device physics, such as carrier life time, carrier mobility,
and impact ionization;
2. Takes account of circuit level parameters, such as inductance, capacitance,
input/output voltage, and output current;
3. Accepts different optimization targets
4. Optimizes the design variables of power MOSFETs and circuit parameters
This methodology can also be expanded to other circuit topology optimization.
Experiment verification must also be performed on DC-DC buck converters to verify the
simulation results.
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